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E exatamente disso que a vida é feita: de momentos! Momentos os quais
temos que passar, sendo bons ou ndo, para o nosso proprio aprendizado, por
algum motivo. Nunca esquecendo do mais importante:

Nada na vida é por acaso...

Chico Xavier

Se as coisas sdo inatingiveis... ora!
N&o é motivo para ndo queré-las...
Que tristes os caminhos, se nao fora
A presenca distante das estrelas!
Mario Quintana
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ESTRUTURA DA TESE

O presente trabalho estd dividido na seguinte forma: Introducdo Geral,
Objetivos (gerais e especificos), dois capitulos escritos na forma de artigos
cientificos contendo uma pagina de apresentacdo sobre o assunto,
Discussdo Geral, Conclusdes (gerais e especificas), Perspectivas,

Referéncias Bibliogréaficas e Anexo.

A Introducgéo Geral discorre a respeito do micronutriente de interesse nessa
tese, o ferro e seu papel no organismo como um todo, abrangendo desde as
fontes de ferro provenientes da alimentacdo, passando por todos o0s
processos de metabolismo, incluindo seu efeito redox e papel na estabilidade

gendmica.

O Capitulo | refere-se ao artigo de revisdo sobre a influéncia de
micronutrientes na integridade genémica e no desenvolvimento de culturas
celulares, tracando paralelos entre os niveis de micronutrientes comumente

encontrados em culturas celulares e os seus niveis fisiol6gicos em humanos.

No Capitulo Il estéo ilustrados os resultados obtidos avaliando-se a influéncia
do ferro na viabilidade celular e estabilidade gendmica de duas linhagens
celulares humanas, um fibroblasto pulmonar ndo tumoral (MRC5) e um

hepatocarcinoma (HepG2).

A Discussdo Geral contempla os comentarios sobre o0s resultados
apresentados nos dois Capitulos e a sua importancia para a contribuicdo
cientifica deste estudo. Apos, estdo descritas as Conclusbes e as
Perspectivas geradas por este trabalho, as Referéncias Bibliograficas
utilizadas na elaboracéo desta tese e o Anexo (Curriculum Vitae).
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RESUMO

Micronutrientes, vitaminas e minerais, sdo indispensaveis para as vias de
metabolismo do DNA e, além disso, sdo tdo importantes para a manutencao
da vida quanto os macronutrientes. Na auséncia dos nutrientes adequados, a
instabilidade gendmica compromete a homeostase, ocasionando doencas
cronicas e certos tipos de cancer. Meios de cultura celular tem por finalidade
mimetizar o ambiente in vivo, proporcionando aos modelos in vitro condi¢des
adequadas para que se avalie a resposta celular aos diferentes estimulos. O
artigo de revisdo sumariza e discute 0s micronutrientes usados na
suplementacao das culturas celulares e sua influéncia na a viabilidade celular
e a estabilidade gendmica, focando nos estudos in vitro previamente
realizados. Nestes estudos, os meios de cultura celular incluem certas
vitaminas e minerais em concentracdes distintas das fisioldgicas in vivo. Em
muitos meios de cultura comumente usados, a Unica fonte de micronutrientes
€ 0 Soro Fetal Bovino (SFB), o qual contribui com 5-10% da composic¢ao final
do meio. Atencédo insuficiente tem sido direcionada a composicdo de SFB,
micronutrientes e culturas celulares como um todo, ou a influéncia de
micronutrientes na viabilidade e genética de culturas celulares. Estudos
adicionais avaliando melhor o papel de micronutrientes no nivel molecular e a
sua influéncia na estabilidade genémica de células ainda se fazem
necessarios. O micronutriente foco dessa tese é o Ferro (Fe), que por sua
vez € um micronutriente essencial, sendo requerido para o0 crescimento,
desenvolvimento e condicbes normais de funcionamento das células. Tanto
seu excesso quanto a sua deficiéncia podem causar estresse oxidativo e
dano ao DNA. Uma vez que os meios de cultura usualmente utilizados para
culturas celulares tém niveis de Fe abaixo das concentra¢gdes encontradas no
soro fisioldégico humano, os objetivos deste estudo foram a avaliacdo do
papel da suplementacdo com Fe na viabilidade celular, na producéo de
espécies reativas de oxigénio (ERO), na atividade da catalase, na integridade
genbmica, na expressédo de proteinas de reparo de DNA gue contém clusters
Fe/S em sua estrutura (TFIIH e MutyH) e na expressdo de receptores de

absorcdo de Fe (CD71 e Nramp2). Duas linhagens celulares — MRC5
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(fibroblasto pulmanar humano) e HepG2 (hepatocarcinoma) - e dois tipos de
suplementacdo com Fe foram utilizados, holo-Transferrina (h-Tf) e FeSO..
Ambas suplementac¢des foram capazes de aumentar os niveis intracelulares
de Fe e a viabilidade gendmica. A suplementacdo com Fe também aumentou
a formacdo de ERO, sem alterar a atividade da catalase. No entanto, este
aumento de ERO nao foi acompanhado por genotoxicidade. No que se refere
a expressao de proteinas de reparo ao DNA, os resultados sugerem que o
pré-tratamento com h-Tf ou FeSO, ndo exercem influéncia direta na
expressao de TFIIH ou MutyH. Entretanto, na expressao de receptores de Fe,
os resultados preliminares indicam que CD71 € uma via prioritaria de
absorcdo de Fe, estando relacionada com a homeostase de Fe, enquanto
Nramp2 parece ter um papel secundario. Devido a importancia fisioldgica da
h-Tf na homeostase do Fe e o acimulo de ERO menos pronunciado, sugere-
se gue h-Tf seja uma melhor forma para a suplementacdo de Fe nas culturas
in vitro. Estudos adicionais se fazem necessarios para a melhor elucidacao

do papel do Fe na viabilidade celular e estabilidade genémica.

Palavras-chave: micronutrientes, ferro, viabilidade celular, estabilidade

gendmica, MRC5, HepG2, h-Transferrina, FeSO,.



ABSTRACT

Micronutrients, including minerals and vitamins, are indispensable to DNA
metabolic pathways and thus are as important for life as macronutrients.
Without the proper nutrients, genomic instability compromises homeostasis,
leading to chronic diseases and certain types of cancer. Cell-culture media try
to mimic the in vivo environment, providing in vitro models used to infer cells’
responses to different stimuli. The review summarizes and discusses studies
of cell-culture supplementation with micronutrients that can increase cell
viability and genomic stability, with a particular focus on previous in vitro
experiments. In these studies, the cell-culture media include certain vitamins
and minerals at concentrations not equal to the physiological levels. In many
common culture media, the sole source of micronutrients is fetal bovine serum
(FBS), which contributes to only 5-10% of the media composition. Minimal
attention has been dedicated to FBS composition, micronutrients in cell
cultures as a whole, or the influence of micronutrients on the viability and
genetics of cultured cells. Further studies better evaluating micronutrients’
roles at a molecular level and its influence on the genomic stability of cells is
still required. The micronutrient focus on this thesis is Iron (Fe), which is an
essential micronutrient and is required for growth, development, and normal
cellular functioning. Either excess or deficiency of iron can cause oxidative
stress and DNA damage. Since the cell media commonly used for cell culture
has a lower iron concentration than the human serum, this study aimed to
evaluate the role of iron supplementation on viability, reactive oxygen species
(ROS) production, catalase activity, genome integrity and the expression of
iron-bearing DNA repair proteins (TFIIH and MutyH) and proteins associated
with iron absorption (CD71 and Nramp2). Two human cell lines — MRC5
(normal lung fibroblast) and HepG2 (hepatocellular carcinoma) and 2 sources
of iron - holo-Transferrin (h-Tf) or FeSO4 were used. Both iron supplements
were able to increase intracellular iron levels and cell viability. Iron
supplementation increased the formation of ROS, but did not alter catalase
activity. However, this increase was not accompanied by genotoxicity.

Regarding the DNA repair protein expressions, the results suggest that 24h
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pre-treatment with h-Tf or FeSO, has no role in the TFIIH or MutyH
expressions. Although, in iron receptor proteins expression, the preliminary
data could indicate that CD71 is priority related with Fe homeostasis while
Nramp2 seems to have a secondary role. Due to h-Tf physiological role in the
iron homeostasis and the less pronounced ROS accumulation, h-Tf could be
a better iron supplier in vitro. Additional studies are still required to better
elucidate the role of Fe in cell viability and genomic stability.

Key words: micronutrients, Iron, cell viability, genomic stability, MRCS5,
HepG2, h-Transferrin, FeSO,
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1. INTRODUCAO GERAL

1.1. O Micronutriente Ferro

O Ferro (Fe) é um micronutriente de importancia crucial para os
organismos vivos, uma vez que é cofator de numerosas proteinas ou
enzimas envolvidas na respiracdo, na sintese de DNA e muitos outros
processos criticos do metabolismo celular (PRA et al., 2009; PRA et al.,
2012). Em decorréncia de sua natureza de metal divalente, pode atuar como
um componente redox de proteinas e é intimamente envolvido em processos
metabdlicos que requerem transferéncia de elétrons (MACKENZIE et al.,
2008), incluindo o transporte de oxigénio, a fosforilagdo oxidativa e o
metabolismo xenobidtico (HENTZE et al., 2004).

O Fe é constituinte de uma gama de proteinas importantes como a
hemoglobina, citocromos, oxigenases, flavoproteinas, redoxinas e enzimas
de reparacdo do DNA (PRA et al., 2009; PRA et al., 2012). Como metal de
transicdo, participa da transferéncia de elétrons via reacbes de oxidagao-
reducdo que resultam na flutuacdo do Fe entre seu estado férrico (Fe®") e
sua forma ferrosa (Fe?") (PAPANIKOLAOU & PANTOPOULOS, 2005). Esta
caracteristica € amplamente responsavel pela significancia biolégica do Fe,
permitindo que o mesmo participe da producdo de energia intracelular.
Contudo, € igualmente responsavel pela toxicidade observada em condicdes

em que o Fe estd em excesso.

A maior parte do Fe citoplasmatico encontra-se em sua forma
reduzida (Fe?"), fornecendo ao organismo um excelente substrato para a
oxidacdo (PAPANIKOLAOU & PANTOPOULOS, 2005). A doacdo de
elétrons, por sua vez, leva a formacdo de espécies reativas de oxigénio
(ERO), onde Fe®* pode interagir com peréxido de hidrogénio (H.O,) e
produzir Fe®**, anion hidroxila (OH) e radical hidroxila (OH*), caracterizando
tanto a reacao de Fenton quanto a de Haber-Weiss, onde o Fe atua como um
catalisador (Fig. 1) (FOY & LABHASETWAR, 2011).



H,0, + Fe?* — Fe3*+OH +-OH (1)

H,0, + 0, — O, +OH +OH 2)

H,O, + Fe* —» Fe*+OH +'OH
0,” + Fe** —> Fe® + 0,

Fe

H,0, + O, — O, +OH +OH (3)

Figura 1. Espécies reativas de oxigénio e ciclagem redox do Fe. A reacdo de Fenton esta
representada pela equacéo (1), a reacdo de Haber-Weiss, pela equacéo (2), e o Fe como
catalizador da reacdo de Haber-Weiss pela equacgéo (3). A reacdo de Fenton descreve a
decomposi¢cdo do perdxido de hidrogénio ao radical extremamente reativo hidroxila, na
presenca de ferro ferroso.

A reacdo de Fenton pode ser mediada ainda por outros metais, como
0 cobre, sendo neste caso referida como Fenton-like. O acumulo dos
produtos de tal reacdo pode levar ao dano oxidativo do DNA, prejudicando a
sintese de proteinas, lipideos de membrana e carboidratos (HALLIWELL &
GUTERRIDGE, 2007).

Devido a este potencial reativo, tem sido atribuido ao Fe, quando em
excesso, participacdo no desenvolvimento da carcinogénese, aterosclerose e
desordens neurodegenerativas, como mal de Parkinson e Alzheimer [para
revisdo, ver FLEMING & PONKA (2012); PRA et al. (2012)]. E importante
observar que tanto o acumulo de Fe no organismo quanto a sua deficiéncia
podem ser deletérios (PRA et al., 2012). Uma vez que o Fe esta intimamente
envolvido com a produgdo de energia e o transporte de oxigénio, sua
deficiéncia € um problema sério capaz de gerar dano celular, reducdo do
crescimento e proliferacdo das células, hipoxia e até mesmo, morte celular
(MACKENZIE et al., 2008; PRA et al., 2011). A dualidade do Fe, sendo tanto
essencial quanto toxico, levou a elaboracdo de sistemas fisiologicos e
celulares complexos a fim de garantir niveis adequados de Fe ao organismo

e, simultaneamente, prevenindo a sua sobrecarga (HENTZE et al., 2004).



1.1.1. Fontes de Ferro na Dieta

O Fe é obtido pela alimentacéo tanto em sua forma heme, de origem
animal, cuja principal fonte sdo as carnes vermelhas, entre elas, o figado,
como na sua forma ndo-heme, inorganica - sulfatos, éxidos e ions livres.
Estima-se que aproximadamente 85-90% do Fe na dieta seja do tipo néo-
heme (CHENG, 2009), sendo, neste caso, proveniente de feijoes, espinafre,
frutas secas e cereais. (WINGARD et al., 1995). O Fe férrico (Fe**) é mais
facilmente encontrado na forma heme, enquanto o Fe ferroso (Fe%"), em
vegetais (CHENG, 2009). O Fe?* é melhor absorvido na camada mucosa do
intestino do que o Fe*" (CHENG, 2009).

E importante observar que, na atualidade, a fim de combater a
anemia proveniente da caréncia de Fe, muitos alimentos industrializados s&o
enriquecidos com Fe e em paralelo, muitas pessoas consomem suplementos
alimentares contendo Fe (PRA, 2008).

1.1.2. Homeostase do Ferro - Absorgcdo, Transporte e

Armazenamento

A manutencédo do equilibrio homeostéatico do Fe requer somente que
1-3 mg sejam absorvidos diariamente para compensar as perdas das células
escamosas. Uma vez que ndo existe mecanismo regulado de excrecéo de
Fe, sua absorcédo é altamente controlada (FLEMING & PONKA, 2012).

O Fe** da dieta é primeiramente absorvido pelos enterécitos
duodenais (Fig. 2), sendo reduzido na membrana apical pela enzima
ferroreductase - DCYTB (Duodenal cytochrome b), que altera o estado de
oxidacdo do Fe. Entdo, o Fe?* é carregado para dentro da célula pelo
transportador de metal divalente 1 - DMT1 (Divalent metal transporter 1)
(FLEMING & PONKA, 2012).

A absor¢do intestinal do Fe heme é mediada pelo HCP1 (Haem
carrier protein 1). Contudo os mecanismos ainda nao foram plenamente
elucidados (FLEMING & PONKA, 2012). E possivel que uma por¢do heme
intacta seja liberada do enterdcito através de dois exportadores de heme -



BCRP (Breast cancer resistance protein) e FLVCR (Feline leukemia virus
subgroup C receptor) (CAIRO et al., 2006).

Dentro do enterdcito, a maior parte do Fe?* proveniente de qualquer
fonte é armazenada sob a forma de ferritina, 0 mesmo pode vir a ser perdido
no desprendimento dos enterécitos senescentes ou ser transportado através
da superficie basolateral do enterécito para alcancar o plasma, através da
ferroportina (FPN). Neste caso, deve ser subsequentemente convertido a
Fe®" pela hepaestina, uma ferroxidase associada & membrana para entao,
ser transportado aos demais tecidos pela transferrina (Tf) (DE DOMENICO et
al., 2008).

A regulacdo de cada uma dessas etapas (reducédo, absorcéo,
armazenamento e transporte) é mediada por sinais que refletem a tenséo de
oxigénio nos enterdcitos, os niveis de Fe intracelulares e as demandas de Fe
sistémicas (FLEMING & PONKA, 2012).

Figura 2. Absorc¢éo intestinal do Fe nos enterdcitos e as respectivas enzimas envolvidas nas
etapas de reducdo, absorcdo, armazenamento e transporte. Adaptada de CAIRO et al.
(2006).

Normalmente, a quantidade de Fe absorvida diariamente, em adultos

normais, equivale a quantidade excretada e o Fe do organismo é



continuamente reciclado através de um eficiente sistema de reutilizagao
deste metal das fontes internas, principalmente do Fe proveniente da
hemoglobina das hemacias apos hemolise intra e extravascular (CANCADO
& CHIATTONE, 2002).

A maior parte do Fe plasmatico destina-se a medula éssea, sendo
gue 80% do Fe liga-se ao heme e passa a fazer parte da hemoglobina como
Fe funcional, e os 20% restantes permanecem ligados a transferrina como Fe
de transporte (ANDREWS, 1999; WANG & PANTOPOULOS, 2011).
Aproximadamente 25% do Fe do organismo de um adulto normal encontra-se
armazenado, principalmente no figado e no bago (CANCADO &
CHIATTONE, 2002). Quando necessario, esse Fe retorna ao plasma e dirige-
se a medula 6ssea para a formagao de novas hemacias. Essa liberacdo do
Fe armazenado ocorre sob duas formas: forma lenta, proveniente do Fe de
depdsito e forma rapida (“pool” 1abil), que € o mecanismo que o organismo

utiliza em situacdes de estresse (DUNN et al., 2007)

Fundamentalmente, duas proteinas sdo as mais importantes para
evitar a sobrecarga e garantir o metabolismo adequado do Fe - a Tf e a
ferritina. Enquanto a funcao da Tf é transportar o Fe livre entre os locais de
absorcdo e utilizacdo e/ou armazenamento, a ferritina tem a fungao
especifica de armazenar o Fe nao utilizado (ARREDONDO & NUNEZ, 2005).

A ferritina existe principalmente no citosol, mas também pode ocorrer
no nucleo celular e no exterior das células. Em todos esses locais, ela
armazena o Fe, impedindo que o mesmo participe de reacdes de estresse
oxidativo (PAPANIKOLAOU & PANTOPOULOS, 2005). Ainda assim, em
torno de 3-5% do conteudo celular de Fe existe na forma labil - LIP (Labile
Iron Pool), ou seja, ligado fracamente a substéncias como fosfatos,
nucleotideos, hidroxilas, aminas e grupos sulfidrila (ARREDONDO & NUNEZ,
2005). Quando a capacidade de estocagem de Fe pela ferritina €
eventualmente saturada, forma-se um complexo de Fe com fosfatos e formas
hidroxidas, conhecido por hemosiderina (KOHGO et al., 2008).

A Tf plasmatica (apo-Tf) tem, pelo menos, dois importantes papéis na



fisiologia do Fe. Num primeiro momento, ao ligar-se imediatamente ao Fe
disponibilizado no plasma (holo-Tf ou h-Tf), limita a capacidade do Fe de
gerar radicais toxicos quando livremente disponivel. Além disso, é capaz de
transportar e direcionar o Fe para as células que estdo expressando o
receptor de Tf (RT ou Transferrin receptor - TR) da membrana plasmatica
(DE DOMENICO et al., 2008). E importante observar que RT é uma
glicoproteina de membrana cuja Unica funcdo claramente estabelecida é
mediar a absor¢cdo do Fe ligado a Tf, permitindo um controle rigoroso na
homeostase do Fe intracelular (MENEGHINI, 1997).

A absorcdo do Fe ligado a Tf requer a ligagdo da Tf ao RT,
internalizando a Tf por endocitose, e a liberacdo do Fe da proteina ocorre em
funcéo da diminuicdo do pH no endossomo (Fig. 3). Com excec¢do de células
altamente diferenciadas, RT s&8o expressos em provavelmente todas as
células, embora uma grande variacdo possa ocorrer entre os diferentes tipos
celulares (PONKA & LOK, 1999; FLEMING & PONKA, 2012). RT sé&o
altamente expressos em eritrocitos imaturos, tecidos da placenta e células
em divisdo, tanto normais quanto malignas. Em células proliferativas néo-
eritrocitarias, a expressdo de RT é regulada pds-transcricionalmente pela
presenca de Fe intracelular (FLEMING & PONKA, 2012).

Ap6s a endocitose do macrocomplexo Fe*" — Tf — RT, o mesmo é
encapsulado em endossoma, no qual o Fe** é entdo liberado e novamente
reduzido a sua forma mais soltvel Fe?* (WATKINS et al., 1992; DANCIS et
al., 1994; WANG & PANTOPOULOS, 2011). A Tf sem o Fe retoma sua forma
"apo" e é reciclada de volta ao plasma, via fusdo entre o endosoma e a
membrana plasmatica (WANG & PANTOPOULOS, 2011).
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Figura 3: Absorcdo do ferro intracelular via ciclo da transferrina. Adaptada de WANG &
PANTOPOULOS (2011).

Em sintese, uma vez no citosol, o Fe pode ter quatro destinos: a) ser
utilizado para a sintese de proteinas com grupamentos heme, grupamentos
Fe/S ou Fe em outros arranjos moleculares; b) ser estocado na ferritina; c) se
associar ao LIP, estando preso a ligantes com fraca afinidade por ele; ou
ainda, d) ser novamente exportado para a corrente sanguinea, em direcao a
outros locais de uso ou de armazenamento como o figado (PRA, 2008;
WANG & PANTOPOULOQS, 2011).

E interessante observar que, em humanos, a homeostase do Fe é
regulada no organismo como um todo e especificamente, no nivel intracelular
(JACOLOT et al., 2008).

A manutengcdo da homeostase de Fe intracelular pode ser
considerada, possivelmente, o melhor mecanismo conhecido de controle pés-
transcricional em vertebrados, no qual os niveis de Fe ativam proteinas sem
a necessidade de sintetizd-las, ocorrendo uma ativacdo apenas pela
mudanca estrutural da proteina (MENEGHINI, 1997). Quando ha elevacao da



concentracdo de Fe no citosol, este interage com proteinas responsivas ao
Fe - IRP (Iron Responsive Proteins) que se deslocam de regifes especificas -
elementos responsivos ao Fe - IRE (Iron Responsives Elements) da porg¢ao 3’
do mRNA que codifica o receptor de transferrina, levando a reducéo da sua
estabilidade e da sua taxa de traducdo (WANG & PANTOPOULOQOS, 2011). O
resultado € uma diminuicdo da sintese do receptor de transferrina, o que
evita que mais Fe seja transferido para o interior das células, prevenindo-se
assim a producdo de OHe, que sdo extremamente reativos e exercem uma
variedade de efeitos toxicos nas células (CALTAGIRONE et al., 2001). Nessa
mesma condi¢do, ocorre o contrario com o MRNA da ferritina, cuja
estabilidade é aumentada como resultado da formagdo de um complexo,
entre Fe e proteinas citosédlicas, o qual se liga a por¢do 5 do transcrito,
situacdo em que a sua taxa de traducdo aumenta, elevando-se assim 0
conteddo intracelular de ferritina (MACKENZIE et al., 2008).

O controle pds-transcricional da sintese de RT e ferritina permite que
o Fe seja mantido numa faixa de concentracdo de compatibilidade fisioldgica,
evitando sua caréncia e igualmente, seu excesso [para revisdo, ver WANG &
PANTOPOULOS (2011)].

1.2. Ferro e Estabilidade Gendtmica
1.2.1. Caréncia e Excesso de Ferro

Do ponto de vista nutricional, tanto a caréncia quanto o excesso de
Fe tem consequéncias dramaticas e sdo de grande significancia
epidemioldgica (CAIRO et al.,, 2006). Enquanto a deficiéncia de Fe é a
principal desordem nutricional no mundo, a hemocromatose hereditaria, por
sua vez, que leva ao acumulo excessivo de Fe no organismo, é a doenca

genética mais comum entre os homens (PRA et al., 2011).

Claramente, o balanco adequado de Fe no organismo é critico para a
producédo normal de hemécias e a manutencdo da saude em geral (CAIRO et
al., 2006). A deficiencia de Fe pode resultar na cessacdo da sintese de
hemoglobina nas células eritrocitérias e a inducdo de apoptose em células
eritrocitarias e nao-eritrocitarias (LE & RICHARDSON, 2002).



A deficiéncia de Fe raramente é devida a defeitos inerentes ao
metabolismo de Fe (ANDREWS, 2000), mas comumente é causada por
ingestéo insuficiente de Fe através da dieta (ou absor¢do defectiva) ou perda
sanguinea crénica, originando a anemia (CARVALHO et al., 2006; PRA et al.,
2009).

As quantidades médias de Fe que devem ser absorvidas diariamente
pelo organismo, para os homens adultos e para as mulheres em idade fértil,
sdo cerca de 1,0 mg e 1,5 mg, respectivamente, sendo que, gestantes e
criancas em fase de crescimento, tem demandas, proporcionalmente,
aumentadas (PRA et al.,, 2012). Os niveis considerados saudaveis de Fe
disponivel no soro humano podem variar numa faixa de 8-30 umol/L e
valores abaixo de 5 pmol/L caracterizam anemia (CUNZHI et al., 2003; WU et
al., 2004).

A anemia por deficiéncia de Fe, a qual € prevalente no mundo
afetando quase um bilhdo de pessoas, em especial criangcas e jovens
mulheres, esta incluida entre aquelas deficiéncias de micronutrientes
reconhecidas como problemas nutricionais prioritarios (CAIRO et al., 2006;
PRA et al., 2012). Particularmente, a deficiéncia de Fe é a causa priméaria de

anemia nutricional e a deficiéncia nutricional mais comum no mundo.

Contudo, a deficiéncia de Fe tem sido igualmente associada com o
desbalanco de funcdes fisioldgicas, incluindo a sintese e reparacdo de DNA,
possivelmente aumentando o risco de alguns tipos de canceres [para revisao,
ver PRA et al.(2009)], comprometimento do desenvolvimento cerebral e
imunidade. Além disso, a anemia também tem demonstrado aumentar o dano
ao DNA em adultos, como evidenciado pelo aumento de dano ao DNA em

pacientes com anemia (PRA et al., 2011).

No que diz respeito ao sistema imune, a relacédo entre o Fe e a
imunidade ainda € controversa. Enquanto alguns autores afirmam que a
deficiéncia de Fe predispbe a infecgdes, outros sugerem que o excesso de
Fe pode aumentar o risco de infec¢gdes e também sua gravidade, pois os

microrganismos, assim como O0S animais, necessitam de Fe para o
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desenvolvimento das fung¢des vitais como sintese de DNA e transporte de
elétrons (POWER et al., 1991; OPPENHEIMER, 2001; PRA, 2008).

Existem ainda evidéncias de que a deficiéncia de Fe pode prejudicar
o desenvolvimento comportamental e cognitivo de criancas (AKMAN et al.,
2004), possivelmente causando defeitos na mielinizacdo que podem resultar
em prejuizo cognitivo a longo prazo (ORTIZ et al., 2004). A deficiéncia de Fe
e a anemia também podem aumentar o estresse oxidativo e o0 dano ao DNA,
possivelmente aumentando o risco de carcinogénese, em especial, de cancer

no trato gastro-intestinal (PRA et al., 2009).

Por outro lado, o excesso de Fe esta igualmente associado a
diversas patologias, incluindo doengas hepaticas e cardiacas, cancer,
doengas neurodegenerativas, diabetes, anormalidades hormonais e do
sistema imune (VALKO et al., 2005). Em geral, a sobrecarga de Fe, medida
tanto pela ferritina plasmatica quanto pela saturacdo da Tf, esta fortemente
associada ao aumento da mortalidade e de forma ainda controversa, ao
aumento de cancer (MAINOUS et al., 2005).

Além disso, evidéncias acumuladas demonstram que uma
desregulacdo no metabolismo cerebral do Fe é uma das causas iniciais para
a morte neuronal em algumas doencas neurodegenerativas (KE & QIAN,
2007). Os erros encontrados no metabolismo cerebral do Fe nessas doencas
tem uma patogenia multifatorial, incluindo fatores genéticos e ndo-genéticos.
Os distarbios no metabolismo do Fe podem ocorrer em niveis mdultiplos,
incluindo a absorgao e a liberagdo, armazenamento, metabolismo intracelular
e regulacdo. O aumento da concentracdo do Fe em determinadas regides do
cérebro, por sua vez, estd associado a uma cascata de eventos deletérios,
levando a morte neuronal observada em doencas como Parkinson e
Alzheimer (KE & QIAN, 2007; SCHRODER et al., 2012).

O excesso de Fe no ambiente intracelular é ainda mais danoso, pois
o0 acumulo de ERO acima da capacidade antioxidante da célula pode
desencadear uma série de eventos moleculares, incluindo, dano ao DNA (ver
item 1.2.3 desta tese) (FLEMING & PONKA, 2012).



11

1.2.2. Clusters de Ferro e Enxofre (Fe/S)

Reconhecidamente, todo organismo vivo desenvolveu maquinarios
complexos e especializados para orquestrar a biogénese de clusters Fe/S de
forma segura, eficiente e especifica, a fim de garantir a sua entrega para as
proteinas que séo funcionalmente dependentes destes grupos prostéticos
(SHEFTEL et al., 2010). Os clusters de Fe/S sao importantes grupos
prostéticos para proteinas que estdo envolvidas em indmeros processos
celulares, incluindo o transporte de elétrons, catélise enzimatica e regulacao
proteica (ROUAULT & TONG, 2005). Além disso, sao indispensaveis em trés
processos centrais para a vida na terra - respiracao, fotossintese e fixacdo de
nitrogénio. Em eucariotos, proteinas Fe/S estao presentes na mitocondria, no
citosol, no reticulo endoplasméatico e no nucleo, exercendo funcdes
especificas e relevantes em cada um desses locais (Fig. 4), como por

exemplo, a sintese de RNA e DNA, bem como a reparacdo do DNA.

Catalise enzimatica Célula eucariotica
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Figura 4. Localizacéo e funcao de proteinas Fe/S em células de mamiferos. Proteinas Fe/S
estdo localizadas na mitocOndria, citosol, ndcleo e no reticulo endoplasmatico. Elas
executam as diversas fungfes indicadas na catalase enzimatica (azul), transferéncia de
elétrons (preto) e na regulacdo da expressdo de genes (vermelho). As fungdes de duas

proteinas Fe/S localizadas fora da mitocondria e do reticulo endoplasmatico ainda sao

desconhecidas. Adaptada de SHEFTEL et al. (2010).
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No que diz respeito aos processos de reparacdo do DNA, existem
proteinas que possuem cluster Fe/S. Entre elas, duas helicases - ERCC2
(excision  repair  cross-complementing rodent repair  deficiency,
complementation group 2, também conhecida como XPD - xeroderma
pigmentosum complementary group D) e BACH1 (Basic leucine zipper
transcription factor 1 também conhecida com FancJ - Fanconi anemia group J
protein), que desempenham importantes papéis no sistema de reparacao por
excisdo de nucleotideos (NER) (RUDOLF et al., 2006). Enquanto, mutY
homologo (MutyH) e Nth endonuclease tipo Il (NTHL1), além de também
possuirem cluster Fe/S, sdo DNA glicosilases (ASPINWALL et al., 1997)
requeridas para o reconhecimento e reparacao de lesbes no DNA, ambas
atuando no sistema de reparagao por excisdo de bases (BER). MutyH
também tem importante papel no reparo de DNA causado por
desemparelhamento de bases (mismatch repair - MMR) (CHEADLE &
SAMPSON, 2003; BRZOSKA et al., 2006; WHITE, 2009).

Cada uma destas proteinas envolvidas na reparacdo contém cluster
de 4 &tomos de Fe ligados a 4 atomos de enxofre [4Fe-4S]. Este cluster é
importante para o funcionamento da proteina, embora seu papel ainda néo
seja plenamente compreendido. No caso das proteinas de reparacdo do
DNA, nas quais o cluster Fe/S esta espacialmente localizado a uma distancia
consideravel do sitio ativo da enzima para desempenhar uma acédo direta na
catalise (WOLSKI et al., 2008), tem sido proposto que o cluster Fe/S exerce
uma acao estrutural, alinhando os dominios ativos do DNA ligado & enzimas
com o substrato (LUKIANOVA & DAVID, 2005).

E interessante observar, também, que a integridade do DNA tem sido
diretamente relacionada a biossintese de Fe/S mitocondrial (VEATCH et al.,
2009). Alem disso, uma correlacdo entre as proteinas Fe/S e cancer existe
em pacientes com mutagcdes nas subunidades da succinato desidrogenase
(SDH), por exemplo (POLLARD et al.,, 2005). Em linhas gerais, existem
evidéncias suficientes demonstrando a relagdo entre a biogénese de
proteinas Fe/S e diferentes doencas. Contudo, pesquisas complementares se

fazem necessérias para elucidar melhor o papel do cluster e proteinas Fe/S
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na manutencdo do DNA, na patogenia do cancer e de outras doencas
(SHEFTEL et al., 2010).

1.2.3. Estresse Oxidativo, Dano e Reparacao de DNA

A toxicidade do Fe ja esta bem estabelecida e devidamente descrita
na literatura (para revisdo, ver (MENEGHINI, 1997; PAPANIKOLAOU &
PANTOPOULOS, 2005; VALKO et al.,, 2005; FLEMING & PONKA, 2012;
PRA et al., 2012)). Como mencionado, a ciclagem entre Fe*? (doador de
elétrons) e Fe** (aceptor de elétrons), por um lado faz do Fe um participante
ideal para diversas reagdes biolégicas, mas por outro lado o caracteriza como
uma substancia altamente toxica em condigbes oxidativas. De fato, tanto o
seu excesso quanto a sua deficiéncia podem causar estresse oxidativo e
subsequente dano ao DNA (HALLIWELL & GUTERRIDGE, 2007; PRA et al.,
2009; PRA et al., 2012).

fons metélicos podem induzir danos ao DNA por dois mecanismos -
gerando danos ao DNA diretamente ou induzindo a formagdo de ERO,
levando ao dano indireto ao DNA, possivelmente através de reacdes de
Fenton-like. As ERO causam peroxidacéo lipidica, oxidacdo de amino acidos
com consequente cross-links de proteinas, além de fragmentacdo de
proteinas e dano ao DNA (FLEMING & PONKA, 2012). Muitas das
modificacbes no DNA induzidas por ERO tem demonstrado potencial
mutagénico. Considerando-se que o processo de mutagénese € largamente
reconhecido como um dos primeiros fatores no desenvolvimento de cancer, a
correlacdo entre ERO, Fe, dano ao DNA e cancer tem recebido crescente
atencéo nas ultimas décadas (PARK & PARK, 2011).

O Fe especificamente é capaz de produzir quebras simples e duplas
no DNA, aumentar a frequéncia de micronucleos, além de ser o metal de
transicdo que mais induz a formacao de 8-hidroxideoxiguanosina (8-OHdG) e
gue igualmente, resulta em maior numero de quebras duplas do que simples
(para revisdo, ver PRA et al. (2012)). A sobrecarga de Fe parece ainda
induzir dano cumulativo ao DNA mitocondrial (mtDNA), prejudicando a

sintese de subunidades da cadeia respiratéria e levando a disfuncdo da
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respiracdo mitocondrial (GAO et al., 2009; GAO et al., 2010). Além disso,
concentracfes insuficientes de Fe também causam significante mal
funcionamento mitocondrial (WALTER et al., 2002).

Contudo, apesar do Fe gerar ERO, que por sua vez estédo
diretamente relacionados a formacédo de lesdes no DNA, ele também pode
ser um cofator para peroxidases, como a catalase, uma importante enzima
antioxidante (PRA et al., 2012). Adicionalmente, o Fe ainda esta relacionado
diretamente a modulacdo da atividade de proteinas de sintese e de
reparacdo do DNA (PRA et al.,, 2009; PRA et al.,, 2012), como no caso de
alquiltransferases (BEGLEY & SAMSON, 2003; MISHINA & HE, 2006),
glicosilases (BOAL et al., 2007) e helicases (RUDOLF et al., 2006; PUGH et
al., 2008).

Existem ainda proteinas envolvidas na reparacdo do DNA que
contém Fe, tanto em bactérias, como a AIkB (Alpha-ketoglutarate-dependent
dioxygenase), quanto a sua homologa em humanos (SUNDHEIM et al.,
2008). Evidéncias demonstraram que a ligacdo de AlkB com seu substrato,
DNA metilado, é diminuida se o Fe®" no sitio ativo desta proteina é
substituido por Cu?* (BLEIJLEVENS et al., 2007). Em outro estudo,
empregando ensaios bioquimicos, foi demonstrado que a atividade
endonucleasica de APEL1 (Apurinic/apyrimidinic endonuclease 1) purificada
pode ser inibida pela presenca de Fe?* (MCNEILL et al., 2004).

A privacdo de Fe reduziu a atividade da ribonucleotideo redutase,
bem como a sintese de DNA e a proliferacdo celular (STRAND et al., 2004).
Aléem disso, em algumas enzimas de reparacdo ao DNA (XPD, FANCJ,
MutyH, NTHL1), clusters Fe/S parecem estar envolvidos no reconhecimento
do dano ou desempenham alguma outra funcado (HIOM, 2010). No caso da
XPD, pelo menos, o cluster Fe/S ndo é requerido para a estabilidade da
enzima, nem para a ligagdo com o substrato de quebras simples de DNA,

mas parece ser essencial para a sua atividade de helicase (HIOM, 2010).

De acordo com experimentos realizados por PRA (2008), a
expressdo dos genes de reparo WRN (Werner syndrome) e MutyH apontam
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associacao notoria entre a dose de Fe e o nivel de mRNA transcrito. O gene
WRN, por sua vez, codifica uma DNA helicase e possui também cluster Fe/S.
Esta DNA helicase atua no reparo de quebras duplas, recrutando a
magquinaria de reparo para essas lesdes, bem como, interage diretamente
com a proteina TP53 (Tumor protein 53). PRA (2008) observou uma curva
tipo “U” descendente e ascendente para o nivel de expressao do gene
MutyH, com nivel minimo na concentragdo de 5,4 uymol/L de Fe proveniente
de suplementacado com h-Tf e aumento significativo na concentracdo maxima

avaliada (23 pmol/L).

Nesse sentido, € interessante observar que mutacées em enzimas de
reparo que requerem Fe estdo relacionadas ao aumento no risco de cancer,
como no xeroderma pigmentoso (XPD), na anemia de Fanconi (FANCJ) e no
grupo de complementacdo das poliposes adenomatosas de célon (MutyH)
(HIOM, 2010). De tal forma, em linha com a hipotese de que a deficiéncia de
Fe esta relacionada com o aumento no risco de cancer, existem evidéncias
preliminares que relacionam anemia em maes com o aumento de leucemia
em criancas (WEN et al., 2002) e, também, que pessoas idosas com baixa
ingestdo de Fe, tem maiores riscos de desenvolver cancer gastrointestinal
(PRA et al., 2009). Na verdade, muitas outras vias metabdlicas que podem
modular a estabilidade genbmica e o0 risco de céancer parecem ser

influenciadas pela deficiéncia de Fe (PRA et al., 2012).

O Fe esta envolvido em diferentes mecanismos genotdxicos e
antigenotoxicos (Fig. 5), demonstrando claramente a importancia de niveis
adequados desse micronutriente para a manutencdo da estabilidade

genbmica como um todo.



16

Ferro
+
CAT H,0, aductos de DNA FancJ (helicase)
(peroxidase) | RRM1-. Uracila lesdes residuais de DNA reparo por distor¢do de DNA
Defesa . RRM2 *.. mal pareada
antioxidante ! RRM2B
| de novo A
. Sintese de Pontos de
| ribonucleotideo mutagao
: quebra de DNA
o * -]
- Ny N n>_ encurtamento de Telomeros
k,‘ N OH A N l N ” i i
Ha Radical M P hipermetilagio de DNA
_
HOH,C g HOH,C o
OH 246 OH  3.OH-dG
ERCC?2 (helicase) reparo de
NTHLI1 (endonuclease) DNA
MUTYH (glicosilase)  (excisio de base)
|

Figura 5: Mecanismos genotoxicos e anti-genotdxicos do ferro. As linhas continuas indicam
danos ao DNA induzidos por Fe. Linhas pontilhadas indicam possiveis danos ao DNA
induzidos por deficiéncia de Fe. Linhas mistas indicam que tanto a sobrecarga de Fe quanto
a caréncia podem estar aumentando a formacao de 8-hidroxideoxiguanosina (8-OHdG) e
associadas a lesdes de bases oxidadas. Ferro pode induzir quase todo tipo de dano ao DNA
tanto diretamente ou pela formacéo do radical hidroxila. Linhas curvas e texto com fundo
cinza indicam mecanismos antioxidante e de reparacdo de DNA nos quais o Fe desempenha
algum papel (genes em negrito, enzimas entre parénteses e vias sublinhadas). Adaptada de
PRA et al. (2012).

1.3. O Papel do Ferro nas Culturas Celulares

O Fe é um importante co-fator requerido para inUmeras funcdes
celulares essenciais, além de ser um micronutriente essencial a vida da
maioria dos organismos (CAIRO et al.,, 2006; OGLESBY-SHERROUSE &
MURPHY, 2013). No entanto, como j& foi descrito anteriormente nessa tese,
o Fe pode ser também danoso uma vez que catalisa reac6es formando ERO.
Portanto, a homeostase intracelular do Fe e o equilibrio da disponibilidade de
Fe sistémica sdo mecanismos bastante regulados pelo organismo (CAIRO et
al., 2006; OGLESBY-SHERROUSE & MURPHY, 2013).

Nas culturas celulares, o Fe €& igualmente requerido. Contudo, a
manutencdo de niveis adequados para o desenvolvimento celular, garantido
a disponibilidade do micronutriente em nivel benéfico para a célula - evitando
0 excesso ou a privagao - € frequentemente negligenciado na formulacéo dos

meios de cultura e ainda pouco estudado na literatura. Na grande maioria das



17

culturas celulares, a “entrega” de Fe para as células acaba sendo
exclusivamente através da suplementacdo com soro fetal bovino (SFB), no

gual existem niveis nem sempre conhecidos de Tf ligada ao Fe.

Basicamente, o papel do Fe nas culturas celulares refere-se a
respiracéo e ao metabolismo celular, incluindo transporte de oxigénio, sintese
de DNA e transporte de elétrons (LIEU et al., 2001). Tanto a caréncia de Fe
guanto a sua sobrecarga no ambiente intracelular induz, por exemplo, o dano
ao DNA mitocondrial, causando uma deterioragdo funcional da mitocondria e
comprometendo seriamente a respiracao celular (PRA et al., 2011; PRA et
al., 2012). Na completa auséncia de Fe, as células param de proliferar e
eventualmente, morrem. Na presenca de niveis elevados, ocorre o acumulo
de ERO, gerando danos ao DNA e mutagenicidade (HUANG, 2003; PRA et
al., 2009).

Em recentes estudos com células neuronais foi demonstrado o papel
da Tf como suplemento no meio de cultura para melhorar a proliferacao
assim como o desenvolvimento celular (SILVESTROFF et al.,, 2012;
SILVESTROFF et al., 2013). A presenca de Tf demonstrou ser capaz de
controlar tanto a proliferacdo celular quanto o comprometimento da linhagem
ou a diferenciacdo celular, dependendo do momento em que o tratamento
fosse conduzido (SILVESTROFF et al., 2012). Adicionalmente, foi observado
gue o aumento da proliferacdo das células estava relacionado a um
incremento, também, no tamanho das mesmas, e este efeito, por sua vez,
era mediado pela incorporacéo da Tf nas células por um dos receptores de Tf
celulares (TfR1) (SILVESTROFF et al., 2012).

Contudo, conforme descrito no Capitulo I, concentracdes elevadas do
micronutriente Fe (normalmente acima de 10 pumol/L), podem ser genotoxicas
e comprometer o desenvolvimento de diferentes tipos de células em cultura.
Estudo com outros micronutrientes, como o Zinco, por exemplo, nos meios de
cultura, corroboram para a necessidade de determinacao de niveis 6timos de
micronutrientes para as células (SHARIF et al., 2011; SHARIF et al., 2012;
SHARIF et al., 2012)
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Tanto no caso do Fe como para outros micronutrientes, estabelecer e
manter os niveis fisioldégicos sdo mandatorios para a manutencdo da saude
(FENECH, 2002; AMES, 2003; FENECH, 2005). Adicionalmente, € valioso
aprofundar o entendimento sobre o papel dos micronutrientes em nivel

celular.

O conhecimento acerca da influéncia dos micronutrientes nas
culturas pode ser util ao se desenvolver um ambiente de cultivo ideal para as
células in vitro. Igualmente, € importante elucidar os possiveis efeitos nas
células quando ocorrem alteracBes nas concentracdes dos micronutrientes
nos meios de cultura. O Capitulo | dessa tese faz uma revisdo sobre a
influéncia de micronutrientes, viabilidade celular e estabilidade gendmica,
sendo que o Fe esta entre os micronutrientes descritos. Além disso, paralelos
sdo tracados considerando-se os niveis fisioldgicos de micronutrientes e as

concentracfes praticadas no cultivo de células.

Apesar do Fe ser claramente um micronutriente essencial para todas
as células (CAIRO et al., 2006; PRA et al., 2012), é evidenciado no Capitulo |
gue os niveis do mesmo, comumente usados nas culturas celulares, se
encontram em concentracdes inferiores as do soro sanguineo humano;
gerando alguns questionamentos que merecem ser devidamente
enderecados: i) o ambiente de cultivo celular apresenta-se inadequado
guanto a concentracdo de Fe? ii) esse perfil pode ser denominado de
"anémico" para o desenvolvimento celular? O Capitulo Il, por sua vez, visa
responder estas e outras questbes pertinentes ao avaliar o efeito do
micronutriente Fe na viabilidade celular e na estabilidade genémica de duas

linhagens celulares.
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2. OBJETIVOS

2.1. Objetivo Geral

Avaliar a influéncia da suplementacdo do meio de cultura com o
micronutriente Fe na viabilidade celular e na estabilidade gendmica de

culturas celulares.

2.2. Objetivos Especificos

1. Elaborar revisdo bibliografica a respeito da influéncia de
micronutrientes na viabilidade celular e estabilidade gendmica de
culturas celulares.

2. Avaliar a influéncia de diferentes fontes do micronutriente Fe, ligado a
h-Tf (orgénico) versus FeSO, (inorganico), bem como diferentes
concentracfes deste micronutriente, na viabilidade celular de culturas
de fibroblastos pulmonares (MRC5) e hepatocarcinoma (HepG2)
humanos, a fim de encontrar uma faixa adequada para o cultivo
celular.

3. Quantificar o Fe intracelular, apdés a exposicdo a diferentes
suplementacdes de Fe, com o auxilio da técnica de ultravioleta com
absorcao atomica.

4. Avaliar a influéncia na viabilidade e proliferacéo celular pelos ensaios:
reducdo do sal tetrazolato3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) e clonogénico e, igualmente, observar o
tempo de duplicagdo populacional (do inglés: population doubling time
- PDT).

5. Verificar se as diferentes suplementa¢des de Fe, no meio de cultura,
influenciam na geracao de espécies reativas de oxigénio pelo o ensaio
de oxidacao do 2',7'-Diclorofluoresceina (DCFH).

6. Avaliar se a suplementacdo com Fe altera a resposta antioxidante
celular pela andlise da atividade da enzima catalase.

7. Investigar a influéncia das diferentes suplementacbes de Fe na
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estabilidade gendmica utilizando os ensaios cometa alcalino e citoma
de micronucleos em células binucleadas.

8. Verificar se as diferentes suplementacbes de Fe alteram a expressao
de proteinas que possuem cluster de ferro/enxofre (Fe/S) em sua
estrutura e que tenham relacdo com as vias de reparacdo do DNA,
como a TFIIH e MutyH, aplicando-se a técnica de Western Blotting.

9. Verificar a influéncia da suplementacdo com Fe na expressdo de
proteinas/receptores celulares para Fe, como CD71 e Nramp2, pela
técnica de Western Blotting.

10.Investigar o potencial antigenotoxico do pré-tratamento de células
MRCS5 com diferentes suplementacdes de Fe e posterior exposicéo a
agentes genotoxicos, como o metil metano sulfonado (MMS) ou o
Peréxido de Hidrogénio (H.0;), pelo ensaio cometa alcalino

modificado.
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CAPITULO | — "The Influence of Micronutrients in Cell Culture: A

Reflection on Viability and Genomic Stability"

Ana Lucia Vargas Arigony, luri Marques de Oliveira, Miriana Machado, Diana

Lilian Bordin, Lothar Bergter, Daniel Pra, Jodo Antonio Pégas Henriques

Artigo de revisao publicado no periédico “BioMed Research International” em
28 de maio de 2013.

Disponivel em http://www.hindawi.com/journals/bmri/2013/597282/.

Existem muitos estudos avaliando a influéncia de micronutrientes
sobre a estabilidade gen6mica in vivo, geralmente pela avaliacdo da relacao
entre os niveis da dieta e da suplementacao sobre a estabilidade gendmica.
Contudo, h& caréncia de conhecimento sobre os efeitos de diferentes
concentracfes plasmaticas de micronutrientes sobre as células, condicao que
pode ser avaliada em modelos in vitro. As culturas celulares sédo usadas para
se tentar predizer os possiveis efeitos de dadas substancias ou condi¢cdes no
organismo vivo e devem refletir ao maximo as condi¢Bes fisioldgicas do
organismo humano. No entanto, muitos dos meios de culturas usualmente
utilizados para o cultivo celular apresentam algum nivel de desbalanco na
concentracdo de micronutrientes, possivelmente, impactando no

desenvolvimento celular e gerando inclusive, instabilidade gendmica.

Sendo assim, foi elaborada uma revisao da literatura, priorizando os
estudos realizados in vitro com micronutrientes, a fim de demonstrar que o0s
mesmos podem aumentar a viabilidade celular e a estabilidade gendmica,
dependendo das concentragdes usadas. O artigo que segue avaliou ainda 0s
niveis atualmente utilizados nas culturas celulares e os possiveis impactos de
sua caréncia ou excesso no desenvolvimento das células usadas como

modelos experimentais.
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Abstract

Micronutrients, including minerals and vitamins, are indispensable to DNA metabolic
pathways and thus are as important for life as macronutrients. Without the proper
nutrients, genomic instability compromises homeostasis, leading to chronic diseases
and certain types of cancer. Cell-culture media try to mimic the in vivo environment,
providing in vitro models used to infer cells’ responses to different stimuli. This review
summarizes and discusses studies of cell-culture supplementation with
micronutrients that can increase cell viability and genomic stability, with a particular
focus on previous in vitro experiments. In these studies, the cell-culture media
include certain vitamins and minerals at concentrations not equal to the physiological
levels. In many common culture media, the sole source of micronutrients is fetal
bovine serum (FBS), which contributes to only 5-10% of the media composition.
Minimal attention has been dedicated to FBS compaosition, micronutrients in cell
cultures as a whole, or the influence of micronutrients on the viability and genetics of
cultured cells. Further studies better evaluating micronutrients’ roles at a molecular

level and influence on the genomic stability of cells are still needed.

Keywords: vitamins, minerals, DNA damage, cell viability, genomic stability.
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1. Introduction

Micronutrients, essential nutrients that are needed in small amounts, are as
important for life as macronutrients. Micronutrients comprise all of the vitamins, such
as A, D, and E, as well as the minerals, such as calcium, zinc and iron. The in vivo
role of micronutrients is well established, and several studies have examined the
effects of micronutrients on genomic stability [1-21]. Approximately 40 micronutrients
are required in the human diet, and for each micronutrient, proper metabolism
demands an optimal level of intake. A micronutrient deficiency distorts the
metabolism in numerous and complicated ways, many of which may lead to DNA

damage.

Micronutrients are required for optimal macronutrient metabolism because of
micronutrients’ critical role in intermediate metabolism. Invariably, metabolism
requires the concomitant involvement of one or more vitamins and minerals. Chronic
degenerative disease etiology and the rate of pathogenesis are thus intimately
associated with micronutrient imbalances. Nutrition research has recently highlighted
the role of several nutrients in regulating the genomic machinery [22]. More
specifically, a number of vitamins and micronutrients are substrates and/or cofactors
in the metabolic pathways regulating DNA synthesis and/or repair and gene
expression [23]. A deficiency in such nutrients may result in the disruption of genomic
integrity and alteration of DNA methylation, thus linking nutrition with the modulation
of gene expression. In many cases, the response to a nutrient deficiency also seems
to be genotype-specific. Gene-nutrient interactions are thus a fascinating example of
physiological responses to the environment/diet at the molecular level [22].

Minerals and vitamins are indispensable to DNA metabolic pathways [24, 25].
Although there is still no clear evidence for a diet that optimally protects against DNA
damage, in terms of either proportions or combinations of specific micronutrients,
many studies conducted in vitro and in animal models have demonstrated the roles
of micronutrients in maintaining genomic stability. For example, vitamin C and E
deficiencies are known to cause DNA oxidation and chromosomal damage [26, 27].
Vitamin D exhibits antioxidant activity, stabilizes chromosomal structure and prevents
DNA double-strand breaks [28]. Similarly, magnesium is an essential cofactor in DNA
metabolism that plays a role in maintaining the high fidelity of DNA transcription [29].

Whereas either an excess of or a deficiency in iron may cause DNA breaks [30], a
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carotenoid-rich diet reduces DNA damage [31], but excess retinol may be
carcinogenic in certain individuals [32]. In a final example, vitamin B-12 deficiency is
associated with the formation of micronuclei [5, 24], and reduced transcobalamin Il in

the serum is associated with chromosomal abnormalities [33].

Given the importance of micronutrients in vitro, the optimization of cell viability
and genomic stability warrants further studies. Cell-culture media mimicking the in
vivo environment may help to generate in vitro models of a cell’s response to
different stimuli. The composition of these media includes certain vitamins and
minerals, but unfortunately, in many common culture media, the only source of
micronutrients is fetal bovine serum (FBS), which contributes to only 5-10% of the
media composition. Moreover, the appropriate proportion of micronutrients is not
always provided because the precise composition of each batch of FBS is in fact
extremely variable [34].

Certain micronutrients, such as calcium, folate, magnesium and iron, have
been reported as key elements in cellular processes, including the proliferation,
survival and even differentiation of cell cultures [35-38]. However, the particular
concentration of micronutrients in a culture as well as the cell type may trigger
different responses. Further studies of micronutrients’ roles at a molecular level and

influence on genomic stability are still required.
2. Aims and Scope

This review summarizes and discusses studies showing the influence of
some micronutrients on cell viability and genomic stability, with a particular focus on
in vitro models. In vivo evidences are presented to illustrate the relevance of the
nutrients to genomic stability. Articles were retrieved from PubMed using the
following search terms: micronutrients, vitamins, minerals, cell culture, proliferation,
viability and genomic stability. Additional publications were collected by cross-
referencing the primary articles retrieved. The review does not aim to include all
nutrients that could influence genomic stability, then only the following nutrients were
included - vitamins A, B7, B9, B12, C and E and minerals Cu, Fe, Mg, Se and Zn.
According to Friso et al. [39], an imbalance of such dietary nutrients as folate, zinc,
vitamin C and selenium can alter genomic and/or gene-specific DNA methylation,
resulting in many different molecular effects on gene expression and integrity, in turn

affecting cell growth, tissue differentiation, cancer incidence and aging. To better
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address the selected micronutrients’ effects in cell viability and genomic stability, we

considered the information available regarding either their deficiency or excess.

3. Micronutrients and their influence on genomic stability

DNA damage is one of the most important factors that can compromise
homeostasis, resulting in chronic (e.g., atherosclerosis) and even degenerative
diseases, including Alzheimer’s disease (AD) and certain types of cancer [40]. A
deficiency in or imbalance of certain micronutrients has been described as mimicking
radiation or chemicals, causing single- and double-strand breaks (SB) or lesions in
DNA, or even both [20].

In Table 1, micronutrients whose imbalances cause DNA damage are listed,
as well as the nutrients’ food sources and possible health effects. In general,
micronutrients can either act directly on the genome to prevent mutations or protect
the genome indirectly by serving as enzyme cofactors in the cellular processes that
modulate transformation [41, 42]. Therefore, any imbalance may result in a degree of
DNA damage.

The role of diet in determining genomic stability is more important than
previously imagined. It has been found that diet affects all pathways relevant to
genomic stability, including exposure to dietary carcinogens, activation and
detoxification of carcinogens, DNA repair, DNA synthesis and cell apoptosis [23, 43].
All of these critical pathways are dependent not only on enzymes but also on
substrates and cofactors, a few of which are only available at the right concentration
when the dietary intake of key minerals and vitamins is adequate [44]. As a result, a
dietary deficiency in certain micronutrients required for DNA maintenance may exert
effects similar to inherited genetic disorders that impair the activity of enzymes
required for genomic stability [23, 45-47]. Additionally, such a deficiency may
damage DNA to a similar extent as significant exposure to known carcinogens, such

as ionizing radiation [43].



Table 1: Micronutrients linked to genomic stability: dietary requirements, and effects of deficiency and excess.

EAR for adults

Effects of deficiency

Effects of excess

. : General health effects UL for
Micronutrient (not pregnant e related to genome related to genome References
. of deficiency : o) Adults : 0
or lactating) instability instability
Vitamin
Blindness, impaired Increased sensitivity malforcn?e:]t?oennslt\?vlhile in
Vitamin A 500-625 RAE immunity, dermal to DNA-damaging 3000 RAE . [48-50]
. pregnancy. Cancer risk
alterations agents .
increase for smokers
Dermal alterations,
immune dysfunction, NA (safe Congenital
Vitamin B7 (biotin) 30 ug* neurological symptoms, Chromatin ;tructural up to malformatlons. [51-54]
and congenital alterations Increase in DNA
. . 20,000 pg)
malformations during damage
pregnancy
Anemia and other Uracyl
N hematological alterations,  misincorporation in Increased cancer risk
Vitamin B9 320 DFE pregnancy complication DNA; DNA strand 1000 DFE (promotion effect) [43, 51, 55, 56]
(e.g. neural tube defect) breaks
From lack of energy to
Vitamin B12 2 ug (;rreversmle severe DNA strand breaks 1000 pg Unknown [43, 51]
amage to nervous
system
60-75 mg Dermatological
Vitamin C (95-110f  terationsassociatedto oy a cyand preaks  2000mg DNV damage related to [43, 49, 55]
collagen synthesis and oxidative stress
smoker) ; ; .
immune impairment
Vitamin E 12 mg Increase in chronic DNA strand breaks 1000 mg ~ DNVA damage related to [43, 49, 57, 58]

disease risk

oxidative stress

*Adequate Intake not EAR.

EAR: Estimated Adequate Requirement; DFE: Dietary Folate Equivalents; RAE: Retinol Activity Equivalents; UL: Upper Level; NA

: not available.
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Table 1: Micronutrients linked to genomic stability: dietary requirements, and effects of deficiency and excess (Cont.).

EAR for adults

Effects of deficiency

Effects of excess

. : General health effects UL for
Micronutrient (not pregnant . related to genome related to genome References
. of deficiency : o) Adults : 0
or lactating) instability instability
Mineral
Anemia and other blood 10000 DNA damage
dysfunctions, impaired Oxidative DNA H9 associated to oxidative
Copper 700 ug . . (under X [59, 60]
growth and neurological damage increase review) stress, particularly to
alterations liver
Anemia and other blood DNA damage
Iron 6-8.1mg dysfunctions, |mpa|r_ed DNA damage 45 mg associated tp oxidative [21, 43, 60]
growth and neurological increase stress, particularly to
alterations liver
Magnesium 255-350 mg R_ar_e becfause Mg DNA repair deficiency NA Unknown [61, 62]
deficiency is unusual
Decreased activity of
gluthathione peroxidase incid
. leading to increased risk Tumor inci ence seems
Selenium 45 ug : . DNA strand breaks 400 ug to be reduced in high [49, 63]
of degenerative diseases d )
: . . oses supplementation
and impairment in
immunity
Dermal alterations,
growth retardation,
immune dysfunction,
Zinc 6.8-9.4 mg neurological symptoms, DNA strand breaks 40 mg DNA damage increase [43, 60, 64]

and night blindness, and
adverse outcomes during
pregnancy

EAR: Estimated Adequate Requirement; NA: not available.
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Vitamin A

Vitamin A is also referred to as retinoic acid, retinol, retinal, a- and B-carotene,
lycopene, lutein, zeaxanthin, B-cryptoxanthin, or astaxanthin. The role of vitamin A and
provitamin A (carotenoids) in DNA damage has recently been reviewed by Collins and
Azqueta [65]. The well-established antioxidant properties of vitamin A have facilitated
studies measuring oxidative damage both in vivo, in animal studies and human clinical
trials, and in vitro. Whereas high concentrations of provitamin A carotenoids can cause
DNA damage, perhaps by acting as prooxidants, non-vitamin A carotenoids can

significantly reduce such damage [66].

The functions of vitamin A are related to night, day, and color vision; epithelial-cell
integrity against infections; the immune response; hemopoiesis; skeletal growth; male and
female fertility; and embryogenesis. Paradoxically, either an excess of or a deficiency in
retinoic acid results in similar malformations in certain organs, including the mammalian
kidney [67]. Many eye pathologies are due to vitamin A deficiency, including night
blindness, conjunctival xerosis and corneal injuries. Similarly, hypervitaminosis A,
resulting from the storage of excess vitamin A in the body, can damage various systems.
Very large doses of vitamin A, especially in young children, can increase the intracranial
pressure, leading to headache, nausea and vomiting [68]. It has also been established
that adequate vitamin A intake is required for normal organogenesis, immune function,
tissue differentiation, and vision. Given these requirements, vitamin A deficiency, which is
widespread in the developing world, is responsible for at least one million instances of

unnecessary death and blindness each year [69].

Vitamin B7

Vitamin B7, also known as biotin, act as a cofactor for the biotin-dependent
enzymes pyruvate carboxylase, propionyl-CoA carboxylase, crotonyl-CoA carboxylase
and two isozymes of acetyl-CoA carboxylase [70]. These enzymes catalyze key steps in
important metabolic pathways, including fatty-acid biosynthesis, gluconeogenesis and
amino-acid metabolism [71]. Vitamin B7 deficiency due to inadequate dietary intake or
congenital defects in biotin absorption or metabolism results in the inactivation of all five
biotin-dependent enzymes. This condition is known as multiple carboxylase deficiency

(MCD) [72, 73], whose symptoms include ketoacidosis, lactic acidosis, feeding difficulties,
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skin rashes and neurological abnormalities, such as subependymal cysts, hypotonia,
seizures and ataxia. In severe cases, or if MCD is left untreated, the condition can lead to
coma or death [74].

It has been demonstrated that biotin plays a role in DNA-strand breaks and the
cellular response to strand breaks (SB). More specifically, biotin supplementation
increased DNA breaks in cell cultures, although it is unknown whether this finding is
relevant to whole organisms [75]. In contrast, in vivo, a high biotin intake in combination
with a low intake of multiple other nutrients has been associated with increased genomic
stability [76]. Biotin deficiency rarely occurs spontaneously in animals, including humans
[77], but can be induced by consuming large amounts of raw egg white, which contains
avidin, known to inhibit biotin absorption from the intestinal tract, or by taking

anticonvulsants [78].

Vitamin B9

A deficiency in vitamin B9, also known as folic acid or folate, is common in people
who consume few fruits and vegetables. Vitamin B9, as well as other vitamins from the B
complex, plays an important role in genomic stability, and a deficiency can cause
chromosomal breaks in human genes [79]. Vitamin B9 deficiency can also lead to (a) an
elevated rate of DNA damage and altered DNA methylation, both of which are risk factors
for cancer [79-81], possibly including colon cancer [82], or (b) an increased homocysteine
concentration, an important risk factor for cardiovascular disease [83]. These defects may
also play a significant role in developmental and neurological abnormalities [79, 80].
However, in animals with existing pre-neoplasic or neoplasic lesions, folic-acid
supplementation increases the tumor burden [84]. In contrast, the adequate intake of
vitamin B9 can increase genomic stability and possibly reduce cancer risk [85-88]

because vitamin B9 is a key carbon donor during nucleotide biosynthesis [89].

Vitamin B12

Vitamin B12, or cyanocobalamin, deficiency is associated with pernicious anemia
and neurological pathologies varying from a minor decrease in cognitive function to
neurodegenerative disorders, although the role of vitamin B12 in these conditions requires

further investigation [90, 91]. The lack of understanding of the underlying molecular
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mechanisms may be due to the experimental limitations of the available classical cell-
culture models [90]. Nevertheless, vitamin B12 is known to play an important role in
genomic stability, and a deficiency in vitamin B12 can lead to DNA damage [82]. Vitamin
B12 is also required for the synthesis of methionine and S-adenosyl methionine, the
common methyl donor required for the maintenance of the DNA methylation patterns that
determine gene expression and DNA conformation [92].

Despite controversies in the literature regarding the prevalence of vitamin B12
deficiency, this deficiency seems to be more common among people aged 65-76 years
[93]. However, the symptoms of vitamin B12 deficiency caused by poor diet, digestive
problems, and/or inadequate absorption in elderly people can be nonspecific, rendering a
diagnosis more difficult. Furthermore, neurological symptoms may appear before anemia;
in fact, only approximately 60% of elderly people with vitamin B12 deficiency are anemic
[93, 94]. In cell-culture models, sufficient vitamin B12 can be provided to the cells by the
FBS [90].

Vitamin C

Vitamin C, also known as ascorbate or ascorbic acid, is a micronutrient required
for innumerable biological functions, specifically serving as a cofactor for certain important
enzymes [95]. One type enzyme is the prolyl hydroxylases, which play a role in collagen
biosynthesis and the downregulation of hypoxia-inducible factor (HIF)-1, a transcription
factor that regulates many genes responsible for tumor growth, energy metabolism, and
neutrophil function and apoptosis. Vitamin C-dependent inhibition of the HIF pathway may
provide alternative or additional approaches to controlling tumor progression, infection,

and inflammation [95].

As vitamin C exhibits antioxidant properties that provide protection against
oxidative stress-induced cell damage by scavenging reactive oxygen species (ROS), the
effects of this vitamin on cancer chemoprevention [96, 97] and cancer treatment [98] as
well as sepsis [99] and neurodegenerative diseases (e.g., Alzheimer’s disease) [100] have
been studied. In fact, ingesting inadequate levels of vitamin C can mimic radiation
exposure. In the literature, numerous human supplementation studies have used
biomarkers of oxidative damage to DNA, lipids (lipid oxidation releases mutagenic

aldehydes), and protein. Although these studies have yielded both positive and negative
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results, if the fact that blood-cell saturation occurs at approximately 100 mg/day is taken
into consideration, the evidence suggests that this level of vitamin C intake minimizes
DNA damage [20]. Unfortunately, vitamin C deficiency is common in poor communities, So
measures to improve the consumption of vitamin C-rich foods should be considered [101].

Vitamin E

Vitamin E, which comprises compounds from the tocopherol and tocotrienol
families, is required to prevent peripheral neuropathy and hemolytic anemia in humans,
which arise due to vitamin E deficiency. Vitamin E functions as a vital lipid-soluble
antioxidant, scavenging hydroperoxyl radicals in the lipid milieu. The human symptoms of
vitamin E deficiency suggest that this vitamin’s antioxidant properties play a major role in
protecting erythrocyte membranes and nervous tissues [95]. Additionally, these
antioxidant properties play a role in genomic stability, particularly because vitamin E is a
potent peroxyl-radical scavenger. Vitamin E is also a chain-breaking antioxidant that

prevents the propagation of free radicals in membranes and plasma lipoproteins [102].

Recently, Ni and Eng [103] demonstrated that a-tocopherol can selectively protect
SDH(var+) cells from oxidative damage and apoptosis and rebalance the redox
metabolites nicotinamide adenine dinucleotide (NAD* and NADH). Another interesting
recent study [104] evaluated the amount of the oxidation product 8-oxo-7,8-dihydro-2’-
deoxyguanosine (8-oxodG) formed from the DNA nucleoside deoxyguanosine (dG) after
vitamin exposure. In the case of vitamin E, no DNA damage was induced in cultured cells.
Taken together, these results reinforce the role of this vitamin in maintaining DNA integrity
and stability. Although the direct comparison of the study outcomes is complicated by
varying definitions of vitamin E deficiency, the available data suggest that children and the
elderly are most vulnerable to this deficiency and that men may be at higher risk than

women [105].
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Copper

Copper is an essential trace element, serving as a cofactor for many enzymes in
different biological processes. In contrast to iron, the copper concentration not only in the
blood but also in individual organs is maintained at constant levels beginning in early
childhood, indicating the presence of robust homeostatic mechanisms [106]. Adequate
copper intake permits the normal utilization of dietary iron, as intestinal iron absorption,
iron release from stores (e.g., in the macrophages of the liver and spleen), and iron
incorporation into hemoglobin are copper-dependent processes. In addition to preventing
anemia, copper assists in blood coagulation and blood-pressure control; the crosslinking
of connective tissue in the arteries, bones, and heart; defense against oxidative damage;
energy transformation; the myelination of the brain and spinal cord; reproduction; and
hormone synthesis. In contrast, inadequate copper intake has adverse effects on the
metabolism of cholesterol and glucose, blood-pressure control and heart function, bone

mineralization, and immunity [107].

The excessive accumulation of copper in the body can contribute to the
development of cancer due to copper’s role in causing DNA damage [108]. Curiously, in
addition to the robust mechanisms maintaining copper homeostasis and copper’s rapid
excretion, mammals express copper-dependent enzymes that are central players in
antioxidant defense. Thus, whereas copper can induce ROS formation when involved in
Fenton-like or Haber-Weiss reactions, copper-dependent processes can also help to clear
ROS [106]. For further information on the relationship between copper and DNA damage,
please refer to the recent review published by Linder [106].

Iron

Iron is a crucial nutritional element for all life forms that plays a critical role in the
cell, including electron transport and cellular respiration, proliferation and differentiation,
and the regulation of gene expression [3]. Iron can undergo univalent redox reactions,
resulting in oxidized and reduced forms known as ferric (Fe*) and ferrous (Fe®") iron,
respectively. Due to iron’s oxi-reduction, which can contribute to ROS generation, as well
as iron’s role in Fenton and Haber-Weiss reactions, this nutrient is also potentially
deleterious. These reactions occur when an inorganic nutrient, such as Fe?" or Cu*, is in

excess and donates an electron to H,O,, leading to OH production. The ROS generated
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by Fenton chemistry can contribute to major pathologies, such as cancer, atherosclerosis,
and neurodegenerative diseases [38].

Free radicals can cause serious damage to the genome. Depending on the dose
and type, inorganic nutrients can protect against or contribute to oxidative stress [109].
Peroxidases and especially catalase, which use heme-iron as a cofactor, decompose
H,0,. If the resultant reactive species are not efficiently removed, these species can
induce the formation of the more active OH or peroxynitrite, which may result in DNA
oxidation. Therefore, deficiencies in such nutrient-dependent antioxidant enzymes can

increase oxidative stress and favor the genomic instability [110].

In addition, iron is a co-factor of many important enzymes related to DNA repair
mainly as clusters iron-sulphur. For example, the glycosilases MutyH and NTHL1 involved
in base excision repair (BER) and mismatch repair (MMR) and the helicases ERCC2 and
BACHL1 acting in the nucleotide excision repair (NER) possess iron-sulphur clusters in
their structure [111, 112]. The increased DNA damage sensitivity in cells with impaired
Fe/S protein biogenesis may include the loss of nucleotide excision repair because
maturation of XPD is defective. Since the Fe/S cluster of XPD is required for its DNA

helicase activity in vitro [111].

Although excess iron can cause oxidative DNA damage in rats and has been
associated with an increased risk of cancer and heart disease in humans [20], iron
deficiency also appears to lead to oxidative DNA damage and is associated with cognitive
dysfunction in children. The importance of iron in normal neurological function has been
well established, as neurons require iron for many physiological processes, including
electron transport and axonal myelination, and as a cofactor for many enzymes involved
in neurotransmitter synthesis [113, 114]. In contrast, inadequate iron intake results in
anemia, immune dysfunction, and adverse pregnancy outcomes, such as premature birth.
Maintaining physiological iron levels via dietary intake is thus mandatory for health.
However, iron deficiency is still very common in the human population, particularly among

children and pregnant women [115].

Magnesium

Magnesium is indispensable to life, as this micronutrient is involved in many

important biological processes. Magnesium has multiple functions in all cellular
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processes, including DNA replication and protein synthesis, and also serves as a cofactor
for DNA-repair proteins and in the maintenance of a cell’'s redox status, cell-cycle
regulation and apoptosis [29]. Magnesium deficiency or the displacement of Mg®* by other
toxic, divalent metal ions leads to increased genomic instability, which has been
implicated in many diseases [116] and may result in inhibited DNA repair, oxidative stress,
accelerated aging, and increased cancer risk [29, 117]. Studies have indicated that higher
magnesium consumption may protect against certain inflammatory disorders, such as
insulin resistance [118], hypertension [119], diabetes mellitus [120] and cardiovascular
disease [119].

Magnesium is not genotoxic at physiologically relevant concentrations and in fact
maintains low mutation frequencies by facilitating high-fidelity replication and by
supporting all DNA-repair processes and chromosomal segregation during mitosis [29]. In
fact, it is an essential cofactor in NER, BER, MMR processes, where magnesium is
required for the removal of DNA damage [121]. All downstream activities of major base
excision repair proteins, such as apurinic/apyrimidinic endonuclease, DNA polymerase
beta, and ligases, require magnesium. Thus, this element may act as a regulator for the
base excision repair pathway for efficient and balanced repair of damaged bases, which
are often less toxic and/or mutagenic than their subsequent repair product intermediates
[122]. Magnesium is also important for the fidelity of DNA replication, impacting cell cycle
and apoptosis [61]

Animal and human epidemiological studies have demonstrated inverse
correlations between magnesium levels and cardiovascular disease [29] or the incidence
of certain types of cancer, including colorectal cancer [123, 124]. Additionally, magnesium
deficiency is one risk factor for premature aging [29]. The relationship between
magnesium levels and tumorigenesis is more complex, with magnesium deficiency
increasing tumor incidence in animals and humans, whereas magnesium promotes the
growth of preexisting tumors due to profound changes in magnesium homeostasis in
tumor cells. Thus, the protective effects of magnesium are restricted to the early stages of
tumor development [29]. According to Ford and Mokdad [125], despite the role
of magnesium in maintaining good health, historically, much of the population of the
United States has not consumed adequate amounts of this nutrient. Additionally, there are

significant racial and ethnic disparities in magnesium intake.

Selenium
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The trace element selenium is another well-established micronutrient essential for
mammalian health [126]. Selenium is a constituent of the small group of selenocysteine-
containing selenoproteins [127], including glutathione peroxidase, thioredoxin reductase,
selenoprotein P and selenoprotein R, which are primarily involved in antioxidant activity
and the maintenance of a cell's redox state [128-131]. Due to selenium’s key role in redox
regulation and antioxidant function, this nutrient is critical for membrane integrity, energy
metabolism and protection against DNA damage [127]. However, in certain cases,
selenium can also lead to oxidative DNA damage [20], increased infection risk and altered
mood [132]. Whether selenium exerts positive or negative effects in vivo or in vitro is
related to dose. Interest in organoselenide chemistry and biochemistry has increased over
the last two decades, mainly because a variety of organoselenium compounds can be
used as antioxidants, enzyme inhibitors, neuroprotective, antitumoral, or anti-infectious
agents, as well as cytokine inducers and immunomodulators [126, 133-136]. In fact, an
interaction with the zinc finger structures of DNA repair proteins may occur by essential
trace elements such as certain selenium compounds, which appear to exert
anticarcinogenic properties at low concentrations but may compromise genetic stability at
higher concentrations [137].

Selenium deficiency alone is not common in developed countries, but an
inadequate intake of this mineral has been associated with the development of cancer,
asthma and coronary disease, among other chronic conditions [138]. When required,
dietary supplementation must be performed carefully, given the intrinsic toxicity of high

selenium levels [139].

Zinc

Zinc is one of the most important micronutrients due to the prevalence of zinc-
dependent enzymes in metabolic processes; zinc’s vital role in several bodily functions,
such as vision, taste perception, cognition, cell reproduction, growth, and immunity; and
the beneficial effect of zinc supplementation on many disease states [140]. In fact, zinc is
a component of over 300 proteins, including over 100 DNA-binding proteins with zinc
fingers, Cu/Zn superoxide dismutase, the estrogen receptor, and the synaptic

transmission protein [20]. Zinc also has a crucial role in the biology of p53, in that p53
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binds to DNA through a structurally complex domain stabilized by zinc atom, possibly
increasing the response to anticancer drugs [141].

Zinc deficiency is a health problem in many communities, especially among
adolescents, due to the pubertal growth spurt [140]. At the molecular level, there is
evidence of a relationship between zinc deficiency and increased chromosomal breaks,
possibly due to increased oxidative damage stemming from a loss in the activity of Cu/Zn
superoxide dismutase or the zinc-containing DNA-repair enzyme Fapy glycosylase, which
repairs oxidized guanine [20]. Unfortunately, nearly half of the world’s population is at risk
of inadequate zinc intake, so public-health programs are urgently needed to reduce zinc
deficiency [140].

Summary of the effects of the selected micronutrients on genomic stability

Taking the preceding discussion and other evidence from the literature into
account, the adequate intake of micronutrients seems to have an important role in
genomic stability. In contrast, an imbalance of the same micronutrients may also
negatively impact the DNA, possibly via oxidative stress, consequently causing or
contributing to different human diseases. It is thus highly relevant to elucidate the
mechanism underlying the response to and repair of oxidative stress and this
mechanism’s relationship to the DNA damage response pathways, all of the inorganic
nutrients (vitamins and minerals) and disease, including carcinogenesis. An
understanding of the possible influences on genomic stability, even in cell culture, is also

in current demand.

4. Cell-culture medium and micronutrients that increase genomic stability: is
the concentration relevant?

According to Ferguson and Fenech [142], the last decade of studies on
micronutrients and genomic stability have improved dietary recommendations based on
the prevention of DNA damage or the maintenance of genomic integrity. In light of this, the
development of in vivo and especially in vitro models to more robustly evaluate DNA

damage is necessary.

Table 2 presents interesting data regarding the micronutrients that may interfere

with genomic stability and the micronutrient concentration values found in typical cell-
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culture media, FBS and human serum. Unfortunately, data are not available for all of the
micronutrients in the media, and even the proportions of micronutrients in FBS, as an
organic product, are not all well characterized. Additionally, as demonstrated by Bryan et
al. [34], the concentration of many micronutrients in FBS can vary significantly between
batches.

Although cell-culture media attempt to provide an environment similar to the in vivo
milieu of cell development, there is an evident imbalance of micronutrients between the
media and human serum. Certain micronutrients are present in these media at
concentrations higher than those found in human serum (e.g., vitamins B7 and B12),
whereas other nutrients are present at significantly lower concentrations than in human
serum (e.g., iron and zinc). A recent study [104] called attention to the composition of
multivitamin supplements, which may trigger unwanted health outcomes due to the
synergistic oxidative effects of the component vitamins and metals. In this research, the
vitamins’ chemical oxidation potencies were studied by measuring the amount of the
oxidation product 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) formed from the DNA
nucleoside deoxyguanosine (dG) after vitamin exposure. The micronutrients evaluated by
the authors were the vitamins A, B1, B2, B3, B6, B12 and C; -carotene; folic acid; and a-,
0- and y-tocopherol. The minerals copper, iron and zinc were also examined. All of these
micronutrients were tested in cell culture, alone or in combination, taking the human
serum levels of each micronutrient into account. The main conclusion reported was that
certain vitamins, alone or in combination with metals (e.g., vitamin C and copper), can
induce DNA damage. However, cells in culture and in vivo have distinct needs for
nutrients and growth factors, as the cells’ activity in each environment may differ due to
interactions with other cells or parts of the larger organism. Thus, examining physiological

concentrations of micronutrients in vitro may not be the most appropriate approach.

As mentioned above, each cell type may have a distinct requirement for
micronutrients. Depending of the origin of the cell and its role in vivo, the cell may
specifically have a higher affinity for one micronutrient over another. In the case of iron, for
example, which is stored in specific tissues, including the spleen, liver and bone marrow
[143], the primary cells or immortal cell lines derived from these tissues may have a
greater need for this specific micronutrient. In the case of certain neuronal cells, which
require iron for cell development [144], the demand for iron may also be higher than in

other cell types. Although the evaluation of micronutrients’ influence on DNA damage and
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integrity as well as on cell development, including the related enzymes and proteins,
should be continued, the micronutrient concentrations relevant not only to human but also

to cell-culture genomic stability must be considered.
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Table 2. Concentrations (in umol/L) of micronutrients that can increase genomic stability in traditional cell-culture media and FBS versus

human serum.

Cell Culture Medium* Mean Human CUISttL?rt:fwggillum
Micronutrients VEM OMEM L 15 M.199 HAM HAM RPMI- | DMEM/ | 10%FBST - Seum | versus Human
F-10 F-12 1640 HAM F12 Serum
Vitamins
Vitamin A NA NA NA 3.1x10" NA NA NA NA 3.0x107? 2.0 Lower
Vitamin B7 (Biotin) NA NA NA 41x10% | 1.0x10" 3.0x10? 8.2x10" | 1.0x10? Trace 4.0x10" Higher
Vitamin B9 2.3 9.1 2.3 2.3x107? 3.0 3.0 2.3 6.0 Trace 5.0x10° Higher
Vitamin B12 NA NA NA 2.8x10" 1.0 1.0 40x10° | 5.0x10" Trace 3.0x 10" Higher
Vitamin C NA NA NA 1.4x107? NA NA NA NA Trace 50.0 Lower
Vitamin E NA NA NA NA NA NA NA NA 0.0003 30.0 Unknown
Minerals
Copper NA NA NA NA 1.0x 1072 1.0x 102 NA 5.0x10° Trace 14.0 Lower
Iron NA 2.5x 10" NA 1.7 3.0 3.0 NA 1.6 3.0 23.0 Lower
Magnesium 8.0x10° | 8.0x10%* | 1.8x10? NA 6.2 x 10° 6.1 x 10° 4.1 x10° 1.1x10° Trace 8.0 x 10° Lower/Similar
Selenium NA NA NA NA NA NA NA 3.0x 107 3.0x107? 11.0 Lower
Zinc NA NA NA NA 1.0x10" 3.0 NA 15 Trace 17.0 Lower

NA: not available.

* MEM: Minimum Essential Medium.

described were obtained from the webpages of the key suppliers.

DMEM: Dulbecco's Modified Eagle Medium. L-15: Leibovitz Medium 15. M-199: Medium-199. HAM F-10 and F-12: Ham's Nutrient Mixture F-10 and F-
12. RPMI-1640: Roswell Park Memorial Institute medium. DMEM/HAM F-12: Dulbecco's Modified Eagle Medium/Ham's Nutrient Mixture F-12. The vitamin and mineral concentrations

** The values for the vitamin A, vitamin E and selenium concentration in FBS were found in [145], and the iron concentration in FBS was determined analytically.

*** The references citing the micronutrient concentrations in human serum are as follows: vitamins A [146], B7 [147], B9 [148], B12 [149], C and E [150]; Mg [151]; and Cu, Fe, Se and Zn

[152]. The concentration of the vitamins and minerals in the media were obtained from the manufacturers.
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5. Could changes in a culture’s micronutrient composition influence the
viability and genetics of the cultured cells?

Cells are typically maintained at an appropriate temperature and CO,
concentration (usually 37°C and 5% CO, for mammalian cells) in an incubator. Beyond
these parameters, the most commonly varied factor in culture systems is the growth
medium. The recipes for growth medium can vary in pH, glucose concentration, growth
factors, and the presence of other nutrients and micronutrients. The development of
synthetic basal formulations for mammalian cell-culture applications has been facilitated
by the contributions of many investigators. In particular, the definition of the minimally
required nutrients by Harry Eagle in the 1950s spawned an iterative process of continuous
modification and refinement of the exogenous environment to cultivate new cell types and
support the emerging applications of cultured mammalian cells. This process led to the
development of highly potent, basal nutrient formulations capable of sustaining serum-free
cell proliferation and biological production [153]. However, the growth factors most often
used to supplement cell-culture media are still derived from animal blood, such as FBS.
FBS has become the supplement of choice for cell culture-based research, containing an
array of proteins, growth factors and ions necessary for cell viability and proliferation in
vitro, including certain vitamins and minerals [154]. Currently, the use of these ingredients
is minimized or eliminated wherever possible in favor of chemically defined media, but this

substitution is not always possible.

Bryan et al. [34] stated that one of the major obstacles to obtaining human cells of
a defined and reproducible standard, and thus suitable for use in medical therapies, is the
routine necessity of supplementing cell-culture media with FBS. In this study, FBS
variants were evaluated, in terms of both elemental (micronutrient) composition and the
variants’ effects on the expression of a group of proteins associated with the antigenicity
of primary human umbilical vein endothelial cells (HUVECSs). A combination of inductively
coupled plasma mass spectrometry (ICPMS) and flow cytometry was used to achieve
these experimental objectives. Statistically significant differences in antigenic expression
during cell culture were demonstrated for a set of trace elements in FBS (e.g., lithium,
boron, magnesium, phosphorus, sulfur, potassium, titanium, vanadium, chromium,
manganese, iron, copper, zinc, gallium and selenium). The lack of reproducibility and the
variation in protein expression in the primary human cells was attributed to the FBS

supplementation.
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Culture conditions for cell lines are known to affect gene expression [155-157],
while stem cells grown in different types of serum exhibit variable differentiation and
proliferation characteristics [158, 159] the same cell line, if cultivated in different
conditions, can present different phenotypes either. Nevertheless, the cellular requirement
for a specific micronutrient is directly correlated with the cell type, the rate of cell grow and
the stage of cell differentiation. In light of this, it is important to observe that minimal
attention has been dedicated to the composition of FBS and the micronutrient
supplementation of media in cell cultures or the fact that micronutrients can influence the

viability and genomic stability of cultured cells.

In Tables 3 and 4, a few examples of the effects of vitamins and minerals in cell

culture and on genomic stability, drawn from the literature, are highlighted.
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- . . . Status in
. . Main effects on cell viability and genomic Additional information r.egardlng relation to
Micronutrient o Cell type the form and concentration of the . : References
stability . : physiological
micronutrient evaluated )
concentration
Enhanced the levels of 8-0xo-dG DNA
damage but significantly inhibited M1dG
formation especially after induction of M1dG L o
by H20» or B[a]P; increased production of Lung epithelial cells beta-carotene (5 umol/L) Similar [160, 161]
reactive oxygen species and formation of
promutagenic DNA lesions.
Caused oxidation of dG and cytotoxicity, . i retinol (2 umol/L) and ascorbic acid _—
giving rise to an almost complete cell death. Leukemia cells (HL-60) (50 umol/L) Similar [162]
. . Induced apoptosis by increasing apoptotic
Vitamin A protein p53 and decreasing anti-apoptotic
Bcl-2 as well as nuclear ATM: also induced Gastric cancer cells (AGS) beta-carotene (100 pmol/L) Higher [163]
DNA fragmentation.
DNA damage on HepG2 which were also b
. . eta-carotene o
concordant to increased apoptosis and Similar
: . (4 umol/L)and 8 umol/L)
necrosis of cells Hepatocarcinoma cells [164, 165]
Reduced levels of total DNA adducts and (HepG2) !
increased apoptosis levels in cells co- retinoic acid (1 umol/L) Lower
exposed to benzo(a)pyrene and retinoic acid
Increased strand breaks and cellular 25 x10°° umol/L and Lower and [75]
response to strand breaks 0.01 pmol/L Higher
Vitamin B7 Affects biotinylation of proteins, gene T-lymphocyte cell line
(biotin) expression and metabolism of interleukin-2; (Jurkat) 25 x10°® pmol/L, 25 x10®° umol/L and Lower and [166]
Rates of proliferation and apoptosis were not 0.01 pmol/L Higher
affected by biotin status
Increased levels of excision repair and Lower
. P Lymphocytes folate (<2.3 x 10 umol/L) [167, 168]
apoptosis
Decreased apoptosis and increased cell . . 3 .
. . High 169, 17
Vitamin B9 proliferation Neural stem cells (NSCs) folic acid (8.4 x 10™ umol/L) igher [169, 170]
High concentration accelerated growth; folic acid (0.021 pmol/L and 0.21 Similar and
increased metabolic activity, proliferation and | HumMan ccz:_?gzcgf;ncer cells umol/L) with other micronutrients Higher [56]

apoptosis; and decreased differentiation

involved in folate-methionine cycle
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- . . . Status in
. . Main effects on cell viability and genomic Additional information r.egardlng relation to
Micronutrient e Cell type the form and concentration of the . : References
stability . : physiological
micronutrient evaluated .
concentration
Reduced cell proliferation and increased Neuroblastoma cells N
differentiation (NIE115) vitamin B12 (total absence) Lower [90]
. . . A . Retina cells (primary cultures . .
Vitamin B12 Chronic exposure inhibited neurotoxicity from fetal rats) methylcobalamin (1 ymol/L) Higher [171]
Absence is likely to result both in reduced Human erythroleukemic
cell proliferation and cell death, as inhibition (K562) and murine cobalamin (total absence and Lower and [172]
of DNA synthesis generally results in lymphoma (BW5147) cell 3.7x10° pumol/L) Higher
apoptosis lines
Physiological i f AA . . . .
.y5|o 99'°‘f" concentrathns ° W.e re not ) ascorbic acid (AA) and ascorbic acid _
toxic while high concentrations of AA induced Human dermal fibroblasts Lower, Similar
. 2-phosphate (AA2P) (total absence or . [173]
DNA strand breakage in a dose-dependent (HDFs) and Higher
. 20, 100, 500 pmol/L)
manner, whereas AA2P were not genotoxic
Vitamin C Enhanced DNA-prote.lr_1 crosslinks and Chinese hamster cells (V79) ascorbic acid (1000 pmol/L) Higher [174]
cytotoxicity
Decreased numbgr of 8- Mouse keratinocyte cell line ascorbic acid (2,27 ymol/L and 4,54 Lower [175]
hydroxydeoxyguanosine adducts pmol/L)
Protective effect against DNA damage Human lymphoblastoid cells - Py
induced by X-ray treatment (Raji) ascorbic acid (60 pmol/L) Similar [176]
Protective effect against DNA damage , I
. R I -T herol I/L I 17
induced by H,O» treatment aji cells a-Tocopherol (30 umol/L) Similar [176]
African green monkey kidney
. . (Vero), human colon
_ _ blzzdl:gfr?];g': friggslnt?;\?:ri?ndljﬁzF;LO“;” carcinoma (Caco-2) and vitamin E (25 pmol/L) Similar [177]
Vitamin E y P y 9 P dysplastic oral keratinocyte
(DOK) cells
Cultured trophoblasts and o S
Reduced apoptosis and autophagy villous explants obtained vitamin £ (50 pmol/L) with vitamin C Higher [178]

from human placentas at
term

(50 umol/L)
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Vitamin A

For vitamin A, but possibly applicable to many other micronutrients, the studies
presented in Table 3, conducted at low concentrations, tend to show protective effects,
whereas higher concentrations are associated with increased DNA damage [65]. This
finding is consistent with the known ability of 3-carotene to act as a prooxidant, rather than
as an antioxidant, at high concentrations and under high oxygen tension [179]. The
physiological concentrations of micronutrients should always be evaluated and, if
possible, at least used as a maximum in studies evaluating the viability and genomic
stability of cell cultures. However, as can be verified in Table 2, there is a lack of data

regarding the presence of vitamin A in cell-culture media.

Vitamin B7 (Biotin)

Biotin plays an important role in regulating gene expression, thus mediating certain
aspects of cell biology and fetal development [180]. The effects of biotin deficiency are
detailed in Table 3 and are related to decreased rates of cell proliferation, impaired
immune function, and abnormal fetal development. An excess of biotin is also mentioned
and can exert reproductive and teratogenic effects. However, as can be verified in Table
2, cell-culture media containing higher levels of biotin than human serum are common.

More studies evaluating the effects of the high biotin levels in cell cultures are necessary.

Vitamin B9

Folate depletion appears to enhance carcinogenesis, whereas folate
supplementation above what is presently considered to be the basal requirement confers
a protective effect [181]. A few examples of folate deficiency and supplementation are
described in Table 3, and the relationship between this vitamin and cell proliferation and
apoptosis has been demonstrated. Furthermore, as can be verified in Table 2, the folate
levels in the cell-culture media evaluated are typically higher than those levels found in
human serum. It is well established that folate deficiency can influence the genomic
stability of cultured cells [82, 182], yet there is still a lack of data evaluating whether folate
levels above the physiological range can impair cell growth. Elevated levels of folic acid
should be examined, as in tumor-prone animals, both folate deficiency and

supplementation promote the progression of established neoplasms [84, 183]. As a folate
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overload is more common than a deficiency in in vitro studies, the former should be most

thoroughly evaluated.

Vitamin B12

Vitamin B12 deficiency has been described as similar to chemicals that damage
DNA by causing single- and double-strand breaks [20]. As demonstrated in Table 3, in a
cellular model designed to better understand vitamin B12 deficiency in the brain, the
growth and differentiation of neuronal cells were affected [90]. Additionally,
supplementation with certain cobalamin compounds protected the cells from neurotoxicity
and increased cell growth [171, 172]. Unfortunately, in vitro research demonstrating a
directly link between vitamin B12 deficiency or overload and genomic stability in human
cells has not yet been published. Based on Table 2, however, high concentrations of

vitamin B12 are more common in cell-culture media than in human serum.

Vitamin C

In Table 3, a few examples of the influence of vitamin C in cell cultures are
provided. Different concentrations of this vitamin result in distinct responses, ranging from
DNA damage (at higher concentrations) to the protection of DNA (at lower
concentrations). Importantly, the concentration of vitamin C in current cell cultures is not
available in Table 2, as possibly only trace levels are present in media. As the cellular
response to vitamin C may be dose-dependent, a similar concentration of this vitamin in

culture media to that in human serum should be evaluated.

Vitamin E

In vivo vitamin E supplementation is still being discussed [184], and more in vitro
studies will be required to better understand the protective effects of vitamin E on cell
viability and genomic stability. Nevertheless, certain results (Table 3) have been
consistent with the concept that a-tocopherol, combined with ascorbic acid or alone, can
protect against oxidative DNA damage [176] and reduce apoptosis and autophagy [178]
under certain conditions. Unfortunately, the current in vitro concentration of vitamin E is
also not available in Table 2, as possibly only trace levels are present in media. Given this

observation, it is interesting to observe that the in vitro studies of vitamin E described in
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Table 3 adopted concentration values similar to that of human serum (approximately 30

pmol/L) and that the results were positive for the cell cultures.



Table 4: Examples from the literature of minerals’ effects in cell culture and on genomic stability.
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- . . . Status in
. N . Additional information regarding )
. . Main effects on cell viability and genomic . relation to
Micronutrient e Cell type the form and concentration of the ) . References
stability - - physiological
micronutrient evaluated .
concentration
Increased cytotoxicity and ROS formation HepG2 50,100,150 and 200 pmol/L Higher [185]
Reduced mitochondrial activity and cell Chinese hamster ovary cells | 24.55, 35.40, 48.31, 89.23, 116.77, Higher [186]
viability and increased DNA damage (CHO-K1) 170.75, 339.45 and 450.35 umol/L
Copper -
Increased the DNA damage in a dose- Lower. Similar
dependent manner and also reduced rates of Leukemia cells (HL-60) total absence, 10, 20, 50, 100 and " [187]
. . - 200 pumol/L and Higher
DNA synthesis and histone acetylation
Inhibited DNA synthesis in proliferative cells Human lymphocytes iron suphate (22.38, 44.76 and 89.52 Slml_lar and [188]
pmol/L) Higher
Possibly accelerated aging process and ferric nitrilotriacetate -
. Lower, Similar
death at concentrations > 10 pmol/L, Cerebellar granule cells (5, 10, 15, 20 and 40 umol/L are ; [189]
. . and Higher
Iron whereas 5 pmol/L increased protein content shown
Primary nontransformed
. colon cells and preneoplasic | ferric nitrilotriacetate (10, 100, 250, Lower and
Genotoxic effects colon adenoma cell line 500 and 1000 pmol/L) Higher [190]
(LT97)
Inhibited cell proliferation and promoted
endothelial dysfunction by generating ) magnesium sulphate Lower and
. . . 191
proinflammatory, prothrombotic and Human endothelial cells (100, 500 and 1000 pmol/L) Higher [191]
proatherogenic environment
Inhibited growth more drastically in normal Normal (HC11) and
than in transformed cells and altered cell- transformed (MCF-7) breast total absegﬁs,slo% 3?7;05|/?_’ 100, 300 Lower [192]
Magnesium cycle progression epithelial cell lines H
Inadequate concentration accelerated cell i Lower and
q Normal human fibroblasts 100, 400 and 800 pmol/L ver [193]
senescence (IMR-90) Similar
Incision repair completely inhibited in Human lymphoblastoid
absence of Mg** as well as at very high Lower and
g : y hig (AI_—|H1_) and clonal h_uman 400 and 800 pmoliL ver [194]
concentrations, whereas optimal epithelial adenocarcinoma Similar

concentrations essential in all steps of NER

(HeLa S3) cell lines
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. - . Additional information regarding Stat_us In
. . Main effects on cell viability and genomic . relation to
Micronutrient e Cell type the form and concentration of the . : References
stability - - physiological
micronutrient evaluated )
concentration
sodium selenite, L- or DL-
Methylseleninic acid, L-selenocystine, selenocystine, selenodiglutathione,
selenodiglutathione or selenite induced cell HepG2. human hepatoma selenomethyl-selenocysteine, sodium o
death in micromolar cepll line (Huh-7) r?muse selenate, L- or DL-selenomethionine, | Lower, Similar [195]
concentrations, whereas selenomethionine or hepatoma (He ' a1-6) methylseleninic acid, ebselen, and Higher
ebselen was not toxic within the P P selenomethionine,
concentration range tested selenodiglutathione (0.1 x10° to 1000
pmol/L)
) Induces G1-cell cycle arrest and apoptosis
Selenium via multiple signaling pathways, which may seleno-L-methionine
play a key role_ in _m_e_thylselenol-lnduced Human sarcoma cell line (SeMet) ( total absence, 1.25, 2.5 and Lower [196]
inhibition of (HT1080) 5 umoliL)
cancer cell proliferation and tumor cell H
invasion
Selenium methylselenocysteine (0,01, Lower and [197]
Decrease in cell damage and protection HepG2 cells 0,1, 1 and 10 pmol/L) Similar
against oxidative stress Selenium methylselenocysteine (1
Lower [198]
pmol/L)
Increased oxidative DNA damage; disrupted 71 sulfate and
p53, NFkB, and AP1 DNA binding; Rat glioma cell line (C-6) . Lower [199]
decreased DNA repair Zn carnosine (4.0 umol/L)
Decreased cell growth and viability,
increased DNA SB an cytotoxicity in Zn-
depleted cultures as well as at Human lymphoblastoid cell [200]
Zi concentrations of 32 and 100 uM; Reduced line (WIL2-NS) 71 sulfate and
ihe genomic damage in cultures supplemented . _
with 4 or 16 M Zn carnosine Lower, Similar
—— total absence, 0.4, 4.0, 16.0, 32.0 and Higher
Decreased cell viability in Zn-depleted ( and 100.0 umol/L) 9
cultures (0 uM) as well as at concentrations Primary human oral ~H
of 32 and 100 pM for both Zn compounds Keratinoc t)¢/3 cell line (HOK) [201]
and increased DNA SB, apoptotic and y
necrotic cells in Zn-depleted cultures
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Copper

As can be verified in Table 2, there is a marked lack of copper in common cell-
culture media, even when supplemented with FBS. Thus, cells in culture are typically
exposed to an environment deficient in a micronutrient critical for the formation of
detoxifying enzymes, which may impact cell development and possibly genomic stability
and survival rates. It is important to note that the copper concentrations evaluated in cell
culture (Table 4) are generally above the human physiological range, so toxic effects in
cultures should be expected. Thus, the optimization of the copper concentration in cell
cultures is necessary to maintain cell viability and genomic stability and to avoid the

deleterious effects of this metal.

Iron

In Table 4, it is important to note that the results of Lima et al. [188] may be
expected in a cell culture in which the requirements for micronutrients are quite different
from those in vivo. In this study, the concentrations evaluated were generally higher than
the values measured in human serum (Table 2), and even the lowest concentration of iron
applied for the authors (22.38 umol/L) would be considered high for cells in culture. For
HL-60 leukemia cells, as demonstrated in [202], the iron concentration range for optimal
cell proliferation is very narrow (2-3 umol/L). In contrast, in the studies in which the iron
levels were between 5 and 10 umol/L, these levels generally benefitted the cultures
analyzed, or at least no damage was observed [188-190].

Magnesium

As presented in Table 4, several studies on the effects of magnesium deficiency
on cultured cells have demonstrated reduced oxidative stress, cell-cycle progression, cell
growth, and cell viability [191, 192, 203-208]. Killlea and Ames [193] specifically
investigated the consequences of long-term and moderate magnesium deficiency in
normal human cells in comparison with more typical magnesium levels, using a
concentration observed in normal human serum (0.8 mmol/L). No alterations were
observed in the cells cultured in the medium containing normal magnesium levels.
Additionally, based on studies conducted either in bacteria or in mammalian cells in

culture, there is no evidence for the genotoxic effects of magnesium salts at
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physiologically relevant doses [29], indicating that adequate micronutrient levels in cell-
culture media may improve cell viability and genomic stability. As shown in Table 2, the
levels of magnesium currently found in cell-culture media are very similar to those levels

in human serum, which is very unusual for micronutrients in general.

Selenium

The differential toxicities elicited by selenocompounds need to be taken into
account in in vivo and in vitro supplementation studies [195]. The references in Table 4
evaluated different forms of selenium and certain salts that may be more toxic to the
cellular environment than others. Due to the importance of selenium as well as many
other micronutrients discussed in this review, the micronutrient concentration in the media,
as well as the FBS, intended for cell culture should be controlled and adjusted to the
physiological range, if applicable. By comparing the human serum concentration of
selenium in Table 2 with those concentrations described in the experiments cited in Table
4, it is apparent that the concentrations below the physiological range benefitted the cell
culture, although high concentrations of selenium compounds potentially negatively

affected tumor cells.

Zinc

The role of zinc in genomic stability was recently reviewed by Sharif et al. [209].
Additionally, a few brief examples of zinc’s influence on cell viability and genomic stability
are provided in Table 4. A possible conclusion from the in vitro assays is that when the
zinc concentration used is below the human serum value (Table 2), the results tend to be
beneficial for the cultured cells. In contrast, zinc concentrations above the physiological
level can damage cultured cells. Again, it is interesting observe that certain cell-culture
media (e.g., HAM F-10 and F-12), even when supplemented with FBS, cannot provide
enough of this micronutrient for appropriate cell development and genomic stability once

the concentration falls below the physiological range.
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6. What must be done: limitations of the available evidence and conclusions

Micronutrients are clearly important for cell development and genomic stability, and
many of the micronutrients mentioned are necessary for the DNA synthesis and repair
mechanisms. Table 5 provides an overview of the current data regarding the effects of
deficiencies or excesses of the micronutrients addressed in this review on genomic
stability. The micronutrient levels found in the discussed cell-culture media and the status
of research on each micronutrient are also highlighted. Evidently, much research has
been performed, but more specific studies focusing on cell cultures are still required.

Table 5: Overview of the data addressed in this review.

Micronutrient Evidence of genomic Concentration in Optimal concentration
instability induction common cell- proposed for cell culture
Deficiency Excess culture media
Versus
physiological
concentration
Vitamin A + + Lower Studied
Vitamin B7 + + Higher Requires more studies
Vitamin B9 + + Higher Studied
Vitamin B12 + NA Higher Studied
Vitamin C + + Unknown Studied
Vitamin E - + Unknown Studied
Copper + + Lower Studied
Iron + + Lower Studied
Magnesium NA + Similar Studied
Selenium + - Lower Studied
Zinc + + Lower Studied

NA: Not available.
(-) Negative: the available data indicate no effect.

(+) Positive: the available data indicate an effect.

Even though there are some highly enriched media available as basal media for
serum-free cell culture, like Medium 199 or Ham F-12 nutrient mixture, the most common
source of micronutrients currently used in cell cultures is still FBS. The limitations of FBS
in providing adequate micronutrient concentrations have been analyzed and described in
the literature [34]. Given that cell- and tissue-culture models are generally important in

scientific research, the development of standards in vitro methods is mandatory. These
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new standards will decrease dependence on animal serum, a supplement with an
undefined, variable composition that can considerably influence experimental results
[210]. Furthermore, according to van der Valk et al. [210], an improved exchange of
information regarding newly developed serum-free media may be beneficial. It has also
become clear that nearly every cell type has distinct requirements for media
supplementation, and especially, as discussed in this review, for micronutrient
supplementation. A universal cell- and tissue-culture medium may not be feasible, as
different cell types have different receptors involved in cell survival, growth and

differentiation and release different factors into the surrounding environment.

Besides this, it is important to highlight that although the formulations of the
classical cell culture media are unchanged for a long time, since their development, the
quality and purity of single components used as supplements, are likely to have increased
considerably. However, some losses of important substances could have occurred,
including trace elements, vitamins, growth factors, and lipids and this should be better
addressed before define a serum-free media. In fact, the threshold for developing and
using a new, well-defined medium, given that the current FBS-supplemented culture
media work well, is high [210]. At the very least, an evaluation of FBS composition, in
terms of micronutrients and possibly other factors, should be strongly considered in the
laboratories that focus on in vitro studies. Knowledge of the micronutrient composition of
FBS may help to minimize the bias in experimental results. However, maintaining both
successful and consistent cell cultures can be difficult, as FBS is a complex natural
product and may vary between batches, even if obtained from a single manufacturer.
More specifically, the quality and concentration of both bulk and specific proteins in cell
cultures can affect cell growth [211]. Adjusting the in vitro micronutrient levels to
physiological values will guarantee a better environment for cell development, mimicking

the in vivo milieu.

Further studies on the effects of micronutrients on cell viability, proliferation and
stability, as well as gene expression and integrity are still required, but the information
already available is a sufficient call to action. As mentioned by Ferguson and Fenech
[142], most investigations have been Ilimited to studying the effects of single
micronutrients and have not considered genetic consequences. Thus, there is an
important need for studies that also examine nutrient-nutrient and nutrient-gene

interactions. Determining the physiological range of such significant micronutrients as iron
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and then adjusting the concentrations currently found in cell-culture media may be
beneficial for in vitro assays. More specifically, the viability and genomic stability of cell
lines and primary cultures may be improved. Depending on the cell type (primary,
immortalized, tumor or normal) and origin (lung, hepatic, neural or other), the requirement
for a micronutrient may vary widely, so this subject should be carefully evaluated. Finally,
the form of the micronutrient used in supplementation media may also influence
experimental results. For example, according to Jacobs et al. [212], whether iron has toxic
effects is directly related to the presence of a chelating agent, which reduces the

concentration of free ferric ion and promotes the formation of ferritin.

Once the relationship between an in vivo imbalance of micronutrients and genomic
stability, which may cause many diseases, including cancer, is established, it will be
mandatory to better understand in vitro micronutrient supplementation. In fact, certain
simple gquestions, such as ‘s the concentration of this micronutrient sufficient for the
development of this cell?” or ‘are the levels of this micronutrient similar to the levels

observed in human serum?’, may aid the proper design of in vitro studies.
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O Fe é o micronutriente cerne desta tese de doutorado, em torno do qual estudos
prévios ja haviam sido realizados pelo grupo e muitos questionamentos ainda exigiam ser
devidamente enderecados.

Considerando-se a dualidade desse micronutriente, o qual pode ser tanto essencial
guanto toxico para a manutencdo da vida, e observando-se sua homeostase altamente
controlada, fica claro que sensiveis variagbes em suas concentracdes podem
desencadear processos de oxi-reducao no organismo. De tal forma, o acimulo de ERO e
a instabilidade genémica séo efeitos deletérios associados tanto a deficiéncia de Fe
guanto a sobrecarga do mesmo, principalmente no organismo vivo. Contudo, analises
mais aprofundadas a respeito de seu papel no cultivo de células ainda se faziam
necessarias.

Sendo assim, o artigo que se segue, consolida todos os dados experimentais
obtidos ao longo desse trabalho, a fim de avaliar a influéncia do Fe tanto na viabilidade
guanto na estabilidade gendmica celular. Para tanto, duas linhagens celulares foram
selecionadas - um fibroblasto pulmonar (MRC5) e um hepatocarcinoma (HepG2), e
diferentes suplementacbes de Fe em duas formas distintas (uma orgénica e outra

inorganica) foram analisadas.
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Abstract

Iron is an essential micronutrient and is required for growth, development, and normal
cellular functioning. Either excess or deficiency of iron can cause oxidative stress and DNA
damage. Since the cell media commonly used for cell culture has a lower iron concentration than
the human serum, this study aimed to evaluate the role of iron supplementation on viability,
reactive oxygen species (ROS) production, catalase activity, genome integrity and the expression
of iron-bearing DNA repair proteins (TFIIH and MutyH) and proteins associated with iron
absorption (CD71 and Nramp2). Two human cell lines — MRC5 (normal lung fibroblast) and HepG2
(hepatocellular carcinoma) and 2 sources or iron holo-Transferrin (h-Tf) or FeSO,were used. Both
iron supplements were able to increase intracellular iron levels and cell viability. Iron
supplementation increased the formation of ROS, but did not alter catalase activity. However, this
increase was not accompanied by genotoxicity. Regarding the DNA repair protein expressions, the
results suggest that 24h pre-treatment with h-Tf or FeSO, has no role in the TFIIH or MutyH
expressions. Although, in iron receptor proteins expression, the preliminary data could indicate that
CD71 is priority related with Fe homeostasis while Nramp2 seems to have a secondary role. Due
to h-Tf physiological role in the iron homeostasis and the less pronounced ROS accumulation, h-Tf
could be a better iron supplier in vitro. Additional studies are still required to better elucidate the

role of Fe in cell viability and genomic stability.
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1. Introduction

Iron (Fe) is an essential micronutrient required for growth, development, and normal cellular
functioning, including genome stability. Excess or deficiency of Fe can cause oxidative stress and
DNA damage [1]. Furthermore, low Fe intake also results in anemia, immune dysfunction, and
adverse pregnancy outcomes, such as prematurity. Regarding reactive oxygen species (ROS)
generation, Fe has a controversial role since while its excess seems to lead to oxidative DNA
damage in rats and an increase risk of human cancer and heart disease [2], Fe deficiency may
also lead to oxidative DNA damage [3]. In fact, Fe can enhance the ROS accumulation and this
can be related to DNA damage, however, iron is also a co-factor of some DNA-repair enzymes and
could be at the same moment, favoring DNA repair pathways [1]. Some enzymes have a iron-
sulphur cluster in their structure [1], such as ERCC2/XPD which is a subunit of the transcription
factor TFIIH and act as a helicase in nucleotide excision repair (NER) [4, 5] and MutyH, that acts
as a DNA glycosylase in mismatch repair and also in base excision repair (BER) [6-8].

In the case of iron, as well as other micronutrients, it is well established that the
maintenance of the physiological levels is mandatory for health [7, 8] but also, is clear that
understanding the role of micronutrients in cells could help to find an ideal environment for cells in
vitro, as well as to understand the cellular effects evoked by alterations in micronutrients
concentration. Despite of this, the levels of iron commonly used in culture media are under
physiological levels of human blood serum, which could vary between 8 umol/L until 30 umol/L,

while values below 5 umol/L characterize anemia [9, 10].

The main source of iron to cells in culture is serum supplementation, which can show very
different iron levels. Cell culture conditions are known to affect gene expression, and the same cell
line, if cultivated in different conditions, can present different phenotypes [11-13]. In the same way,
stem cells grown in different types of serum exhibit variable differentiation and proliferation
characteristics [14, 15]. In spite of these aspects, minimal attention is given to the selection of Fetal
Bovine Serum (FBS) or other supplements for growing in vitro cultured cell lines. Researchers are
usually concerned that their cells are growing at optimal rates and without phenotypic alterations.
However, minimal alterations in gene expression and, as a consequence, in subtle cellular
process, caused by slight environmental differences of cell culture may explain why some
laboratories obtain different data using the same cell lines grown under superficially similar
conditions [16]. In light of this, it is important to notice that cell culture media containing 5-10%
serum can provide iron in a concentration ranging, in average, 2 - 6 pmol/L, suggesting that the

culture conditions could have an “anemic profile” for cell growth. The few data [9-11] investigating
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and optimizing the concentrations of iron for genomic stability in vitro led to the hypothesis that

supplementation with iron could increase the proliferation and genomic stability in cell cultures.

Different sources of iron supplementation have been evaluated in the cell medium [9-12]
and the data from media suppliers website, as www.sigmaaldrich.com and www.invitrogen.com,
provides us with some inorganic salts used, as ferric nitrate (FeNo3) and ferrous sulfate (FeSO,).
Other possible source of iron is Transferrin (Tf), which is the principal iron transporter in serum.
Each Tf molecule can bind two molecules of iron and when bounded to iron, it is designated as h-
Tf [3]. Once h-Tf is the main transporter of iron in vivo, it was one of the forms evaluated in this
study. Besides this, it was important to evaluate an inorganic iron common used not only for media
culture supplementation, but also, for anemia treatment in vivo. In light of this, FeSO,4.7H,0, which
is the form of iron listed by the European Parliament and Council (2002) as a compound allowed in
commercial supplements and recently used also by other researchers [13] in their study, was the
chosen one. Additionally, the expression of iron absorption proteins was evaluated - Transferrin
receptor proteinl (TfR1) also known as cluster of differentiation 71 (CD71) [14] and natural
resistance-associated macro-phage protein (Nramp2, also known as DMT1 for divalent metal
transporter) [15]. The transferrin receptor (CD71) is an integral membrane protein that mediates
the uptake of transferrin-iron complexes. Two transferrin receptors have been cloned (TfR1 and
TfR2); however, TfR1 is considered the major protein responsible for iron uptake owing to its

higher affinity and expression pattern [14].

Based in these considerations, in this study was investigated the effect of supplementation
with iron, from two specific sources: bounded to Transferrin (h-Tf) and an inorganic iron - iron
sulphate (FeSQO,), on viability, oxidative species production, catalase activity, genome integrity and
the expression of DNA repair proteins (TFIIH and MutyH) and iron absorption proteins (CD71 and
Nramp2) of two human cell lines — MRC5 (normal lung fibroblast) and HepG2 (hepatocellular
carcinoma). It is important to point out that either catalase or the DNA repair proteins selected to

be evaluate in this study have a heme moiety or a Fe/S cluster, respectively, in their structures.

2. Materials and Methods

2.1. Cell Culture

Regarding the cell lines selected for the study, HepG2 were chosen because cells derived
from liver, as well as those from the gastrointestinal tract and renal tubules, are actively involved in
uptake, transport, detoxification and secretion of metal compounds. Moreover, these cells are

particularly susceptible to metal toxicity representing a suitable model for studying the effects of
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these compounds [16, 17] and also because liver is the major site of iron storage in vivo [18].
Parallel experiments in normal human diploid fibroblast-like MRC5 cells were conducted to

evaluate the role of iron supplementation also in a non-tumoral cell line.

MRC5 and HepG2 cell were cultured in high glucose Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat-inactived FBS, 1% penicillin/streptomycin and 0.1%
fungizone at 37°C and 5% CO,in a humidified incubator. Cells were grown to semi-confluence
before being detached by Trypsin/EDTA treatment. Cells suspensions were seeded in different
concentrations according to the well plate used, the test proposal and the time of treatments.

2.2. Cell Culture Media Supplementation with Iron

DMEM with 10% of FBS was used as control (C), which iron concentration (~4.0 pmol/L)
was previously determined by Flame Atomic Absorption Spectrometry. Iron supplementation was
set around 7 pumol/L once this value is near the physiological and also, above the anemia level in
human serum [19, 20]. Besides, the value evaluated is below 10 pumol/L, which has already been
described to induce DNA damage to cells in culture [9]. Then, around 3.0 umol/L of iron from either

h-Tf or FeSO,were added to the media to reach a final concentration of ~7.0 umol/L.

The iron concentration values are approximated because, although they have been
analytical determined, the natural viscosity of the medium could interfere in the iron solubility and
availability. The cells were exposed to the iron treatments for periods between 24h, 96h, 6 and 10
days, depending on the purpose of the assay. All the tests were performed in triplicates. The

results for all the experiments are expressed in mean * standard deviation.

2.3. Intracellular Iron Quantification

For MRCS5 cells, the intracellular iron was determined based on Jacolot et al. [21] with some
adaptations. Briefly, after exposure to iron for 24h and 96h, cells were washed twice with 2 mL
phosphate-buffered saline (PBS), trypsinized and recovered by centrifugation, then washed again
twice with PBS. Mineralization was obtained after addition of 1.5 mL of concentrated HNO;
followed by ultrasound with heating (80°C) for 40 minutes. After the digestion, the samples were
analyzed by Flame Atomic Absorption Spectrometry (248.3 nm). The control was the non treated

cells.
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2.4. Clonogenic Assay

Clonogenic assay or colony formation assay was used to test the proliferative capacity of
single cells after treatment [22]. MRC5 cells were harvested from a stock culture and plated into 6-
well plate in an initial concentration of 250 cells/mL. After attachment (24h) of the cells to the
dishes, they had the media replaced - one received the h-Tf media, another FeSO, media and a
third group of cells just had the media replaced by the same media (non extra iron supplemented),
as C. After treatment, the dishes were incubated at 37°C, 5% CO, for 10 days, a time equivalent to
at least six potential cell divisions. The media were replaced every 3 days. Finally, the media were
removed, the cells were rinsed carefully with PBS that was removed and the colonies were fixed
with methanol and finally, stained with crystal violet 0.1%. The plates with colonies were leaved to
dry in normal air at room temperature (20°C), the colonies containing more than 50 cells were

counted and their survival calculated as a percentage relative to control treatment.

2.5. MTT viability assay

Cell viability was evaluated with the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay which is based on the formation of a visible dark blue formazan product
generated by the action of cellular mitochondrial dehydrogenase as a marker for living cells [23].
For 24h of treatments, 1 x 10 cells/mL (MRC5 and HepG2) were seeded in 96-well; for 96h of
treatments, the concentration plated for MRC5 was 5 x 10° cells/mL in 24-well plate while the
concentration used for HepG2 was 1 x 10* cell/mL in 24-well plate. After cell attachment, culture
medium was replaced by C, h-Tf and FeSO, treatments. After incubation, the media were
removed, the cells were washed once with PBS, the MTT solution (5 mg/ml) was added and the
culture was incubated for further 3h. Culture medium was discarded and was replaced with 200

pmol/L of dimethyl sulphoxide (DMSO). Absorbance at 540 nm was measured by ELISA Reader.

2.6. Population Doubling Time (PDT)

The population doubling time (PDT) refers to the total number of times the cells in the
population have doubled in vitro [24]. This is usually a very crude estimate rounded off to the
nearest whole number, being based on the following formula: n = 3.32 (log UCY - log I) + X, where
n = the final PDT number at end of a given subculture, UCY = the cell yield at that point, | = the cell
number used as inoculum to begin that subculture, and X = the doubling level of the inoculum used
to initiate the subculture being quantified. Firstly, 1 x 10* cells/mL (MRC5 and HepG2) were plated

in 6-well culture plates and after 24h, the iron treatments (h-Tf, FeSO,) and the C were added and
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the cells were leaved in culture during 6 days. The cells were trypsinized and counted using a

Neubauer chamber and the PDT was calculated using the log formula.

2.7. Determination of ROS levels by flow cytometry analysis

ROS accumulation in cells was assessed using the probe 2,7-dichlorofluorescein (DCF).
The membrane-permeable diacetate form of the dye (reduced DCF (DCFH-diacetate)) was added
to the perfusate at a final concentration of 10 pmol/L. Within the cell, esterases cleave the acetate
groups on DCFH-diacetate, thus trapping the reduced probe (DCFH) intracellularly [25]. ROS in
the cells oxidize DCFH, yielding the fluorescent product DCF [26]. Briefly, for 24h of treatments, 1 x
10 cells/mL (MRC5 and HepG2) were plated in 24-well culture plates; for 96h of treatments, the
concentration plated for MRC5 was 5 x 10° cells/mL in 24-well plate while the concentration used
for HepG2 was 1 x 10 cell/mL in 24-well plate. After, growing overnight, the cells were treated with
Iron supplemented media (h-Tf and FeSO,) and C and leave in culture for the acute or chronic
period of test. Then, the cells were washed twice with PBS and incubated with 10 pumol DCFH-DA
in PBS at 37°C for 30 min, protected from light. After incubation, cells were washed with PBS,
harvested with trypsin/EDTA and evaluated by flow cytometry using a GUAVA flow cytometer and
GUAVA Cytosoft (Millipore, Billerica, MA). Ten thousand cells were measured for each
experimental condition. Relative ROS production was expressed as the change in fluorescence of

experimental groups compared with that of the appropriate control (100%).

2.8. Catalase-activity (Cat activity)

For MRCS5 cells, the iron treatments (h-Tf and FeSO,) and C were tested for Cat activity
where the H,0O, degradation ability is determined. The assay was performed according to the
method described by Aebi [27]. Its principle is based on the determination of H,O, decomposition
rate at 240nm. This reaction was conducted at constant temperature (30°C) for 1 min. One unit of

catalase decomposed 1 pmol of H,O, per mg of protein in 1 min at pH 7.0.

2.9. Alkaline Comet Assay

MRC5 and HepG2 cells were evaluated by the exposure to the iron treatments (h-Tf and
FESO,) and C. Briefly, for 24h of treatments, 1 x 10* cells/mL (MRC5 and HepG2) were plated in
24-well culture plates; for 96h of treatments, the concentration plated for MRC5 was 5 x 10°
cells/mL in 24-well plate while the concentration used for HepG2 was 1 x 10* cell/mL in 24-well
plate. The alkaline comet assay used in this study followed the general guidelines proposed by

Singh [28] with some modifications. Every step was carried out under indirect light and the slides
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were coded and analyzed without knowledge of the sample identity. Volumes of 20 uL of treated
and non-treated cells were added to 80 pL of 1% low melting point agarose, at 37°C and the
mixtures were layered onto slides pre-coated with 1.5% normal agarose, covered with a coverslip,
and left for 15 min at 4 °C to solidify. The coverslips were then removed carefully and the slides
were immersed in a lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris [pH 10], 1% N-
lauroylsarcosine sodium, 1% Triton X-100 and 10% DMSO) for 1 h. The alkaline comet assay was
performed at pH 13. The positive control used was hydrogen peroxide (H,O,) (200 pmol/L), 1 hour.

Additionally, to verify if iron 24h pre-treatment with h-Tf, FeSO, and C followed by
mutagens exposure H,O, in a concentration of 150 pmol/L for 1h or to Methyl Methanesulfonate
(MMS), in the concentration of 80 umol/L for 1h) induced oxidative DNA lesions in the MRC5 cells,
the modified comet assay was performed with lesion-specific repair enzymes. Formamido
pyrimidine glycosylase (FPG) was used for detection of oxidized purines while Endo IlI, for
detection of oxidized pyrimidine. These enzymes recognize and introduce breaks at sites of
oxidative damage and therefore can detect oxidative lesions in the DNA [29]. The test was done in
the same manner as described in alkaline comet and another step was added: after lysis the slides
were washed three times in enzyme buffer (40 mM N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid, 100 mM KCI, 0.5 mM EDTA, 0.2 mg/ml bovine serum albumin, pH 8.0),
drained and incubated at 37°C in this buffer with 60 ul of FPG (1ug/ml solution) for 30 min and
Endolll (1 pg/ml solution) for 45 min and then electrophoresis was performed, as described above.

The same staining and scoring procedures were done.

Cells were visually scored according to tail length into five classes: (1) class 0: undamaged,
without a tail; (2) class 1: with a tail shorter than the diameter of the head (nucleus); (3) class 2:
with a tail length 1-2x the diameter of the head; (4) class 3: with a tail longer than 2x the diameter
of the head and (5) class 4: comets with no heads. A value (damage index) was assigned to each
comet according to its class. Damage index ranged from 0 (completely undamaged: 100 cells x 0)
to 400 (with maximum damage: 100 cells x 4). The damage frequency (%) was calculated based

on the number of tailed versus tailless cells [30].

2.10. Western Blotting Analysis

MRCS5 cell line where tested, in the concentration of 1 x 10* cells/mL in 24-well plate, in
order to verify if iron 24h pre-treatment with h-Tf, FeSO, and C followed by mutagens exposure
(H20; in a concentration of 150 umol/L for 1h or MMS, in the concentration of 80 pmol/L for 1h)
induced the expression of DNA repair proteins of interest or iron receptor proteins selected for this

study. Cells were washed with PBS and collected from plates with RIPA buffer (Radio Immuno
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Precipitation Assay buffer) containing 0.1% SDS (Sodium dodecyl sulphate), 150mM Sodium
chloride, 1% Triton X-100, 0.5% Sodium deoxycholate, 50mMTris, pH 8.0. Proteins were quantified
using the BCA assay (Pierce, Rockford, IL). Equal amounts of total protein (40 ug) were resolved
in a SDS-PAGE and transferred to a nitrocellulose membrane (Amersham Pharmacia Biotech,
Piscataway, NJ). After the electrophoretic transfer, the membrane was blocked in 5% skim milk
powder with 0.1% Tween 20. The blots were then probed at 4°C overnight with the primary
antibody for: TFIIH (1:100); MutyH (1:200); CD71 (1:200); Nramp2 (1:100), all purchased from
Santa Cruz Biotechnology, INC. Secondary antibodies were goat anti-mouse 1gG-HRP (1:5000,
Santa Cruz, CA). Optical density of the bands was obtained using Bio-Rad software (Quantity One;
Hercules, CA). The data is presented as ratio of samples to 3-actin.

2.11. Cytokinesis-Blocked Micronucleus (CBMN) Assay

The CBMN Assay was performed according to Thomas and Fenech [31], with minor
modifications. MRC5 cells (3 x 10 cells/mL) in logarithmic growth phase were seeded in 6-well
plates. In this assay, only h-Tf treatment was compared to the C for 24h and 96h. Cultures were
then washed twice with medium, and Cytochalasin-B (Cyt-B) was added to a final concentration of
3 ug/mL. Cultures were harvested 21h after Cyt-B addition. Cells were separated from the bottle by
trypsinization, and the cell suspension was centrifuged at 1000 x g for 5 min. Cells were
resuspended in 75 mmolKCl, and maintained at 4 °C for 3 min (mild hypotonic treatment). They
were then centrifuged, and a methanol/acetic acid (3:1) solution was slowly added. This fixation
step was repeated twice, and cells were finally resuspended in a small volume of methanol/acetic
acid, dropped on clean slides, and stained with 3% Giemsa (pH 6.8) for 5 min. Slides were

mounted, and codified prior to microscopic analysis.

For h-Tf treatment and C, a total of 1000 cells were scored and classified to determine the
ratios of mononucleate, binucleate (BN), multinucleate, apoptotic and necrotic cells. These ratios
were used to determine the replication index (RI), a biomarker of cytostatic effect, and cytotoxicity
events were assessed by the frequency of necrotic and apoptotic cells. A total of 1000 BN cells
were scored for genome-damage indices - Micronucleus (MNi), Nucleoplasmatic Bridges (NPBSs)
and Nuclear Buds (NBuds). Scoring criteria for the CBMN assay were followed as previously
described [32].



76

2.11. Statistical analysis

Statistical analysis was done, when applicable, using the one-way analysis of variance
followed by Dunnett’s t test. T test was used for comparison between two groups. Results with P
<0.05 were considered significant. All statistical analysis was performed using Graphpad Prism 5
(GraphPad Inc, San Diego, CA). The parameters were expressed as mean + standard deviation
(sd).

3. Results

3.1. Intracellular iron levels quantification

The intracellular iron levels after exposure to the treatments were evaluated in order to
verify if the cells were really uptaken the extra iron added to the medium. As an initial screening,
this assay was performed only in MRC5 cells. In Figure 1 is demonstrated that both treatments
were able to significantly increase the intracellular iron levels in relation to the C, in 24h and 96h.
The cells exposed to the iron treatments by chronic period (Fig. 1B) obtained more iron from the
media when compared to acute treatment cells (Fig. 1A). No significant difference between hTf
and FeSO, treatment was observed. The text was not performed with HepG2 because it was an
initial screening.
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Figure 1. Levels of intracellular iron in MRC5 cells after the treatment with h-Tf or FeSO,. In (A)

24h of treatment; in (B) for 96h of treatment; *Statistical significant difference in comparison to
control, Student t test, P < 0.05.

3.2. Effect of Iron supplementation on cell proliferation and viability
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The results of the clonogenic assay with MRC5 cell are presented in Figure 2. We
observed that the viability was improved for both supplementation proposed — h-Tf orFeSO, - for
acute treatment (24h) and for the chronic period of time evaluated, in this case, 10 days (P < 0.05).
The assay was not performed with HepG2 due to its growing pattern. No significant difference
between hTf and FeSO, treatment was observed.
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Figure 2. Clonogenic assay for MRC5 cell line exposed to different iron treatments (h-Tf and

FeSO,) in (A) the acute treatment (24h) and in (B) the chronic treatment (10 days); *Statistical

significant difference in comparison to control, Student t test, P < 0.05; **P < 0.01.

To verify the proliferation and viability of both cell lines, the MTT assay was applied (Fig. 3
and 4). While after 24h of treatment we did not observe alterations in cell viability, both
supplementations, h-Tf or FeSQ,, increased the cell viability after96h of exposure. Besides this, to
confirm that the cells were growing and proliferating normally in the media supplemented with iron,
the PDT assay was verified. The Figure 5 showed that proliferative rate of both MRC5 and HepG2
were not altered by iron treatments and that the doubling times remain similar to C - around 27h for
MRC5 and 48h for HepG2. No significant difference between hTf and FeSO, treatment was

observed.
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Figure 3. Cell viability evaluation by MTT assay for MRCS5. In (A) the acute treatment (24h) and in

(B) the chronic treatment (96h); **Statistical significant difference in comparison to control, Student

t test, P < 0.01; ***P < 0.001.
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Figure 4. Cell viability evaluation by MTT assay for HepG2. In (A) the acute treatment (24h) and in

(B) the chronic treatment (96h); **Statistical significant difference in comparison to control, Student

t test, P < 0.01.
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Figure 5. Cell viability evaluation by PDT assay (6 days of culture); in (A) MRC5 and in (B) HepG2.

3.3. Effect of Iron on ROS accumulation and Catalase Activity

The ROS accumulation assay showed that, exposure to iron treatments evaluated, in 24h
or 96h, induced an increase in the free radicals formation in MRC5 and HepG2 cells (Fig. 6 and 7).
For MRC5, even though h-Tf presented a clear tendency of increase in the ROS accumulation,
only FeSO, treatment showed statistic differences when compared to the C, for MRC5 cell line (P
< 0.01) (Fig. 6). Interestingly, from 24h to 96h, it is possible to observe that the ROS levels were

decreased, most accentuated for FeSO, treatment, in both cell lines profiles.
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Figure 6. Evaluation of ROS formation in MRCS5 cell line treated with h-Tf and FeSo,. In (A) 24h
experiments; In (B) 96h experiments; In (C) are shown representative plots from flow cytometry, as

indicated; **Statistical significant difference in comparison to control, Student t test, P < 0.01.
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Figure 7. Evaluation of ROS formation in HepG2 cell line treated with h-Tf and FeSO,. In (A) 24h
experiments; In (B) 96h experiments; In (C) are shown representative plots from flow cytometry, as

indicated.

Then, the catalase activity was verified in order to evaluate if the ROS formation in MRC5
cells, after Fe exposure, might influence the cell antioxidant profile. In addition, Fe is known to be a
co-factor of this enzyme [1]. In the Figure 8 cells treated with h-Tf or FeSO, by 24h showed no
difference in the catalase activity when compared to the C. Once detoxificaying enzymes are
required almost immediately after the increasing of ROS, the catalase activity in MRC5 was

measured only after 24h of treatments.
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Figure 8.Catalase activity in MRC5 cell line, for 24h treatment with h-Tf or FeSQO,.

3.4. Effect of iron on genomic stability measured by Comet Assay

To evaluate the DNA damage potential of Fe treatments, the alkaline comet assay was
performed in MRC5 and HepG2 cell lines. As showed in Figures 9 and 10, there are no significant
differences in the damage index (DI) and frequency index (FI) between any of the iron treatments
(h-Tf or FeSO,) and C for 24h and 96h. On the other hand, when cells were pre-treated with Fe
and after exposed to genotoxic agents (H,O, and MMS), no protective effects on DNA damage
index was demonstrated (Fig. 11A). In the presence of H,O,, h-Tf pre-treatment seems to increase
the damage caused by the H,0,, when compared to the C, while FeSO, did not increase the
damage index already observed for H,O, alone. However, neither h-Tf nor FeSo, pre-treatments
increased the DNA damage induced by the alkylating agent (MMS).
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Figure 9. DNA damage evaluation by Comet assay in MRC5 cell line treated with h-Tf and FeSO,.

(A) Damage Index and (B) Damage Frequency for 24h; (C) Damage Index and (D) Damage
Frequency for 96h; ***Statistical significant difference in comparison to positive control (H,0,),
ANOVA Dunnett Multiple Comparison Test, P < 0.001.
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Figure 10. DNA damage evaluation by Comet assay in HepG2 cell line treated with h-Tf and
FeSO,. (A) Damage Index and (B) Damage Frequency for 24h; (C) Damage Index and (D)

Damage Frequency for 96h. ***Statistical significant difference in comparison to positive control
(H20,), ANOVA Dunnett Multiple Comparison Test, P < 0.001.

In addition to the alkaline comet assay, the modified enzyme comet assay was performed in
order to evaluate if iron supplementation cause oxidative DNA damage. Then, slides of the same
groups used in the alkaline comet assay were incubated with lesion-specific enzymes and the
difference of DNA breaks formation was evaluated. As illustrated in Figure 11B, grey bars, all
groups showed an increase in the DI when ENDO llII, that detects oxidized pyrimidine, was used,
but only H,O, demonstrated a significant effect in comparison to the C (**P< 0.01). When FPG was
used (Fig. 11C, grey bars), both positive controls H,O, and MMS showed and increase in DI.
These results can be related to FPG properties of oxidized purines and also alkylated bases.
Besides this, Fe pre-treatments seem to decrease the DNA damage induced by H,O, when ENDO

Il or FPG enzymes were used.
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Figure 11. DNA damage evaluation by alkaline comet assay in MRC5 treated with h-Tf and
FeSO,. In (A), Damage index without enzyme. In (B), with Endo 1ll enzyme and in (C), with FPG
enzyme. Grey bars illustrate the additional DNA damage after enzyme exposure. *Statistical
significant difference in comparison to control (C), ANOVA Dunnett Multiple Comparison Test (P<
0.05, **P< 0.01, ***P< 0.001). *Statistical significant difference in comparison to positive control
(H,0,), ANOVA Dunnett Multiple Comparison Test (P< 0.05, *P< 0.01, **P< 0.001).

3.5. Effect of iron on DNA damage repair proteins and iron receptors protein expression by

Western Blotting assay
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Western blotting was performed in MRC5 cells to evaluate if h-Tf and FeSO, 24h pre-
treatments could influence the expression of TFIIH and MutyH, DNA repair proteins which present

a Fe/S cluster in their structure, and CD71 and Nramp2, cellular absorption proteins for iron.

As illustrated in Figure 12 (upper panel), all treatment groups showed similar TFIIH
expression levels with exception for h-Tf pre-treatment followed by H,O, or MMS exposure. For
MutyH, all groups presented an increase in the expression of the protein (Fig. 12, lower panel).
The quantification results presented for DNA repair proteins were the mean = sd from two

replicates (the figures are representative results).
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Figure 12. Expression of DNA repair proteins in MRC5 cells pre-treated with h-Tf and FeSO,, for
24h. TFIIH (upper panel) and MutyH (second panel) were assessed by immunoblotting with actin
(last panel) serving as internal control for equal loading. Optical density of the bands was obtained

using Bio-Rad software.

The expression levels of CD71, h-Tf receptor, were demonstrated in Figure 13 (upper
panel), where all groups showed increased expression levels, being more pronounced in the
presence of H,O,. For Nramp2, the divalent metal receptor, all groups presented a less
pronounced increase in the expression of the protein (Fig. 13, lower panel). The results for iron

proteins receptors are preliminary and require more replicates.
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Figure 13. Expression of DNA iron receptor proteins in MRC5 cells pre-treated with h-Tf and
FeSO,, for 24h. CD71 (upper pannel) and Nramp2 (second pannel) were assessed by
immunoblotting with actin (last pannel) serving as internal control for equal loading. Optical density

of the bands was obtained using Bio-Rad software.
3.6. Effect of iron from h-Tf on genomic stability measured by CBMN assay

In order to further verify the effect of iron on baseline levels of cytotoxicity and chromosome
damage, the CBMN assay was applied in the MRC5 cell line treated with h-Tf for 24h and 96h. As
demonstrated in Table 1, the replication index is similar between the h-Tf treatment and C,
demonstrating that the iron released by h-Tf did not cause cytostatic effect in MRC5 in both periods
of exposure. Furthermore, no differences were observed regarding h-Tf treatment and C in the
percentages of necrotic and apoptotic cells after 24h or 96h of treatment. MNi, NPBs and NBuds in
binucleated cells were scored to measure chromosome damage and the results showed also no

differences between h-Tf and control (Tab. 1).

Table 1. DNA damage evaluation by Micronucleus Assay and Cytome evaluation for MRC5 cells
exposed to h-Tf for 24h and 96h.

24h 96h
C h-Tf p value C h-Tf p value

Replication index (%o) 100+6.1 98.8+50 0.4429| 100 +14.8 94+15.1 0.2209
Nuclear bridges (%o) 5.8+3.7 52+4.2 05000 1.4+15 1.9+22 0.3103

Nuclear buds (%o) 22+17 14+28 0.1714| 09+£0.78 1.0+£0.45 0.3249
Micronucleus (%o) 0.7+15 0708 0.1714| 0.7+0.81 0.4+0.70 0.2008
Necrotic cells (%) 02+00 00+0.0 0.0908| 0.3+0.26 0.6+ 0.57 0.2898

Apoptotic cells (%)  0.2+0.28 0.1+0.14 0.5000| 0.2+0.16 0.3+0.38 0.3400
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4. Discussion

Micronutrients, including iron, have been reported as key elements in cellular processes like
proliferation, survival and even differentiation of cell cultures [33-36]. Besides this, it is well
recognized that minerals and vitamins are indispensable to DNA metabolic pathways [37, 38], and
in the case of Fe, either an excess of or a deficiency may cause DNA damage [39]. Here, we
reported the influence of different sources of Fe supplementation on cell viability, oxidative stress,
genomic stability, expression of DNA repair protein, which contains Fe/S cluster in their structure,
and finally, iron receptor proteins expression.

In this study, we observed that the iron supplements evaluated, h-Tf and FeSO,, were
being uptaken by the MRC5 cell line almost in the same rate, as demonstrated in the intracellular
iron quantification. Besides, both iron treatments were able to improve cell viability and
proliferation, in MRC5 and HepG2 cell lines, in around 10-20%, without interfering with the
doubling time. These PDT results are in agreement with literature [36, 37]. ]. In line, there is
evidence that iron deprivation reduces cell proliferation and DNA synthesis by inhibiting

rebonucleotide reductase, an iron-containing enzyme [40].

Previous findings suggested that Fe has a role in ROS formation due to its participation in
Fenton reaction [41], and evidences indicate that oxidative stress resulting from an increased Fe
levels, possibly in association with defects in antioxidant defense mechanisms, could cause cell
death in some degenerative diseases and could be related to some types of cancer [42].
Interestingly, both Fe supplementations, h-Tf (Fe®*") and FeSO, (Fe?"), increased the ROS levels in
the cells evaluated (Fig. 6 and Figure 7), however, without compromising the cell proliferation, and
viability, as already demonstrated. Besides both Fe supplementations had increased the ROS

accumulation, only the inorganic form significantly increased it in MRC5 cells.

In order to understand if there was any adaptive mechanism taken place when cells are
exposed to basal levels of oxidants, catalase activity was evaluated in MRC5 cells. Fe is present
as a co-factor in several enzymes and proteins, including catalase, which has a heme moiety [43,
44]. Besides the subtle decrease in the ROS accumulation in MRC5 cells, from 24h to 96h of

exposure, no difference in the catalase activity was observed (Fig. 8).

In addition, the damage index (DI) and damage frequency (DF) of the h-Tf and FeSO,
supplementation were evaluated by the alkaline comet assay. The results (Fig. 9 and 10)
suggested no genotoxicity of Fe at the treated forms and concentration evaluated. However, when

MRCS5 cell were pre-treated with h-Tf and then followed by H,O, the DI was significantly increased
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(Fig. 11A). For FeSQO,, the DI was similar to H,O, (Fig. 11A). A possible explanation for this result
could be related to the LIP [45, 46] as well as the kinetics of iron release from transferrin bound to
the TfR at endosome [47]. The main form of Fe in LIP is, on average Fe*? state because of the
reductive environment of the cell, although transient Fe*™ is expected as a result of cellular

oxidations [48].

Moreover, iron bounded to h-Tf (Fe**) has to be reduced to Fe** before being used for the
cell. This process of iron reduction could initially delay the release of Fe** in the cell, but eventually,
could maintaining in a basal order the availability of an instable form of iron (Fe®") inside the cell. In
this case, the DNA damage increase observed when cells were pre-treated with h-Tf and further
exposed to H,O, might be related to the reaction of H,O, in the presence of a continuous release
of Fe*, possibly leaving Fe®*'/ Fe?* available to enter in the nucleus [46]. When H,0, enters the
nucleus, it is likely to oxidize Fe®" in the DNA vicinity, producing OHs. Besides this, large quantities
of OHe radical could be formed in the nucleus during certain phases of the cell cycle [49, 50].
Then, the DNA damage induced by this radical, as single- and double strand breaks and 8-
hydroxydeoguanosine (8-OHdG) [51, 52], could trigger DNA repair. Furthermore, Fe?* seems to be
more easily acquired by the mitochondria from the cytosol [45] and also, could be required by a
large number of enzymes present in the cytosol which bind Fe®" [46]. This fact suggests that, while
high-affinity uptake system for Fe®* predominantly supplies iron for heme and Fe/S cluster
synthesis, the uptake system for Fe®" is considerably more restricted and have a compensatory
role [45]. Finally, Fe* from inorganic salt could also, act as a pro-oxidant activating the
antioxidants defenses in the first 24h and then, after the iron pre-treatment, when cells are finally

exposed to the H,0,, the damage is less pronounced.

In the presence of enzymes - ENDO Ill and FPG (Fig. 11B and 11C, respectively), both
iron pre-treatments demonstrated a decrease in the oxidative damage when compared to H,O.,.
These results indicate that, the oxidative damage was not the main cause of the increase rate in
damage observed in the h-Tf pre-treatment followed by H,O,. In fact, this could be attributed
mainly to strand-breaks caused by OHe radical. Moreover, BER DNA-repair enzymes could be
activated as a result of ROS accumulation [8] that is likely to have occurred with cells pre-treated
with h-Tf and FeSO,, once the DI after the exposure to enzymes (gray bar in Fig. 11B and 11C)
was lower than H,O,. The most common DNA base modification formed by oxidation is 8-OHdG
and if unrepaired, post-replicative mispairing could signalize for BER pathway [53]. FPG protein
has been used to assess oxidative DNA base damage because it detects 8-OHdG and other
oxidatively damaged purines. Besides, FPG also detects alkylation damage with high sensitivity in
the comet assay [53]. In the case of MMS, in the FPG modified comet assay (Fig. 11C), the DI

profile remains similar to MMS alone while for ENDO Ill (Fig. 11B), a small decrease in the
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oxidized pyrimidine was demonstrated. It is well recognized that MMS is an alkylating agent, but a

weak oxidative stress inducer [54].

Additionally, we evaluated the expression of the DNA repair proteins that bear Fe/S cluster
in their structure [1]. The less pronounced expression of TFIIH expression protein (Fig. 12, upper
panel), which belongs to NER pathway [4, 5], for the h-Tf pre-treatment followed by H,O, or MMS,
could suggest that other repair pathway is upregulated, as BER, or even that, the efficiency of
TFIIH is increased in the iron presence (once Fe is a co-factor). Moreover, the increased levels of
MutyH expression (Fig. 12, second panel) were expected because this enzyme has an important
role in mismatch repair and mainly, as a glycosylase in BER, also repairing alkylating damage [6-
8]. As demonstrated, the pre-treatment with h-Tf or FeSO, were not improving the expression of
this protein, but could be discussed that, in some way, they were improving the efficiency of the
pathway as a whole. Indeed, less oxidative DNA damage was observed in the comet assay with

enzymes, for oxidized pyrimidine (Fig. 11B) and especially for oxidized purines (Fig. 11C).

Analyzing the preliminary data from the iron receptors expression, CD71 (Fig. 13, upper
panel) and Nramp2 (Fig. 13, second panel), it is possible to observe that the expression of both
proteins was more pronounced in the presence h-Tf pre-treatment than in the presence of FeSO,.
The increase of the CD71 for h-Tf pre-treatment was expected, once this protein is the main iron-
bind to Tf receptor (TfR1) in the cell membrane. In addition, the expression increased for Nramp2
in the presence of h-Tf could be explained by the fact that Nramp2 is required to release the Fe?*
from the endosome, where the h-Tf-TfR complex is present [55]. Furthermore, it is possible that the
protein levels were triggered to the endosome rather than to the plasmatic membrane. In the case
of FeSQ,, in the presence of H,O,, a higher increase in the CD71 expression was observed (Fig.
13, upper panel) as well as for H,O, itself. This result could indicate that in cell cultures, H,0,
activates iron regulatory protein-1 (IRP1) [56], a central cytoplasmic regulator of cellular iron
metabolism, to bind to mRNA iron-responsive elements (IRE) [57] signaling for iron receptor
expression improve (TRf1/CD71) [55]. Nramp2, which is a divalent metal receptor [15], showed no
increase in expression in the presence of FeSO,, even alone or followed by the mutagenic agents
(Fig. 13, second panel), however this receptor is also related to iron homeostasis [58] and it was
expected to be more pronounced, especially in the presence of FeSo,. Indeed, iron receptor
proteins expression preliminary results could suggest that CD71 is priority related with Fe
homeostasis while Nramp2 seems to have a secondary role. In agreement, Nramp2 is not strictly
controlled at post-transcriptional level by iron concentration, as CD71 is through iron responsive

elements [43].
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Based in the collection of data presented at this moment, we judge h-Tf to be the best form
of iron to be used as a supplementation of extra iron for cells in culture. To further validate this, the
CBMN assay was applied to verify the h-Tf non-genotoxic and non-cytotoxicity profile, as the
comet assay was previously pointing. In its current basic form the CBMN assay can provide, using
simple morphological criteria, the following measures of genotoxicity and cytotoxicity: chromosome
breakage, chromosome loss, chromosome rearrangement (nucleoplasmic bridges), gene
amplification (nuclear buds), cell division inhibition, necrosis and apoptosis [59]. The micronucleus
and cytome results (Tab. 1) showed no differences between h-Tf and control in terms of mis-
repaired of DNA strand-breaks or any other parameters evaluated, corroborating to our proposal of
h-Tf as an ideal form of iron supplementation for cell cultures.

In summary, both iron supplementations were shown to improve cell viability without
increasing the genomic instability. Due to its physiological role in iron homeostasis, h-Tf could be
the better iron supplier in vitro. The pattern of iron absorption, release, use and storage is possibly
the key to understand the better form of iron to be used in the cell cultures for improve viability and
genomic stability. Most, if not all organisms have developed a tightly regulated system to maintain
iron within a physiological range. The cytosolic Fe® levels must be sufficient to enable cellular
function, but low enough to prevent damage caused by highly reactive OHe [46]. Results of this
study also suggest that ROS accumulation in h-Tf supplementations was less expressive and iron
intracellular absorption was mildly higher, when in comparison to FeSO,. Further studies are still
required to improve the current knowledge regarding the metabolism of iron in vitro and its role for
cells viability and genomic stability. The h-Tf supplementation suggested should also be evaluated
in cell cultures that require a continuous iron supply for proliferation and differentiation, such as

mesenchymal stem cells.

Acknowledgements

The authors wish to thank Marcelo Medeiros for his help with iron quantification by Flame Atomic
Absorption Spectrometry in culture media, fetal bovine serum and cells. Miriana Machado, Diana
Bordin, Cristiano Trindade, Andre Juchem, Michelle Lima are acknowledging for all their support
and relevant contributions along this work. Finally, thanks to PRONEX/FAPERGS/CNP(q - Project
n. 10/0044-3 for the financial funding of our study.



93

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Pra, D., et al., Iron and genome stability: An update. Mutat Res, 2012. 733(1-2): p.
92-9.

Ames, B.N., Micronutrient deficiencies. A major cause of DNA damage. Ann N Y
Acad Sci, 1999. 889: p. 87-106.

Pra, D., et al., A possible link between iron deficiency and gastrointestinal
carcinogenesis. Nutr Cancer, 2009. 61(4): p. 415-26.

Assfalg, R., et al., TFIIH is an elongation factor of RNA polymerase I. Nucleic Acids
Res, 2012. 40(2): p. 650-9.

Compe, E. and J.M. Egly, TFIIH: when transcription met DNA repair. Nat Rev Mol
Cell Biol, 2012. 13(6): p. 343-54.

White, M.F., Structure, function and evolution of the XPD family of iron-sulfur-
containing 5'-->3' DNA helicases. Biochem Soc Trans, 2009. 37(Pt 3): p. 547-51.
Brzoska, K., S. Meczynska, and M. Kruszewski, Iron-sulfur cluster proteins: electron
transfer and beyond. Acta Biochim Pol, 2006. 53(4): p. 685-91.

Cheadle, J.P. and J.R. Sampson, Exposing the MYtH about base excision repair
and human inherited disease. Hum Mol Genet, 2003. 12 Spec No 2: p. R159-65.
Pu, Y.M., Q. Wang, and Z.M. Qian, Effect of iron and lipid peroxidation on
development of cerebellar granule cells in vitro. Neuroscience, 1999. 89(3): p. 855-
61.

Knobel, Y., et al., Ferric iron is genotoxic in non-transformed and preneoplastic
human colon cells. Food Chem Toxicol, 2007. 45(5): p. 804-11.

Lima, P.D., et al., Genotoxic and cytotoxic effects of iron sulfate in cultured human
lymphocytes treated in different phases of cell cycle. Toxicol In Vitro, 2008. 22(3): p.
723-9.

Glahn, R.P., et al., A comparison of iron availability from commercial iron
preparations using an in vitro digestion/Caco-2 cell culture model. J Nutr Biochem,
2000. 11(2): p. 62-8.

Bergstrom, T., et al., Vitamins at physiological levels cause oxidation to the DNA
nucleoside deoxyguanosine and to DNA--alone or in synergism with metals.
Mutagenesis, 2012. 27(4): p. 511-7.

Marsee, D.K., G.S. Pinkus, and H. Yu, CD71 (transferrin receptor): an effective
marker for erythroid precursors in bone marrow biopsy specimens. Am J Clin
Pathol, 2010. 134(3): p. 429-35.

Nevo, Y. and N. Nelson, The NRAMP family of metal-ion transporters. Biochim
Biophys Acta, 2006. 1763(7): p. 609-20.

Steiner, E., et al., Analysis of hsp70 mRNA levels in HepG2 cells exposed to
various metals differing in toxicity. Toxicol Lett, 1998. 96-97: p. 169-76.

Camatini, M.B., P; Colombo, A; Urani, C; Crippa, S, Cellular and molecular targets
of benzo[a]pyrene and metal toxicity in Xenopus laevis embryos and in Hep G2
cells. ATLA-ALTERNATIVES TO LABORATORY ANIMALS, 1999. 27: p. 325-337.
Abalea, V., et al., Iron-induced oxidative DNA damage and its repair in primary rat
hepatocyte culture. Carcinogenesis, 1998. 19(6): p. 1053-9.

Cunzhi, H., et al.,, Serum and tissue levels of six trace elements and copper/zinc
ratio in patients with cervical cancer and uterine myoma. Biological Trace Element
Research, 2003. 94(2): p. 113-22.

Wu, T., et al., Serum iron, copper and zinc concentrations and risk of cancer
mortality in US adults. Ann Epidemiol, 2004. 14(3): p. 195-201.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

94

Jacolot, S., C. Ferec, and C. Mura, Iron responses in hepatic, intestinal and
macrophage/monocyte cell lines under different culture conditions. Blood Cells Mol
Dis, 2008. 41(1): p. 100-8.

Franken, N.A., et al., Clonogenic assay of cells in vitro. Nat Protoc, 2006. 1(5): p.
2315-9.

Rosa, R.M., et al.,, Cytotoxic, genotoxic, and mutagenic effects of diphenyl
diselenide in Chinese hamster lung fibroblasts. Mutat Res, 2007. 628(2): p. 87-98.
Godoy-Hernandez, G. and F.A. Vazquez-Flota, Growth measurements: estimation
of cell division and cell expansion. Methods Mol Biol, 2012. 877: p. 41-8.

Sawada, G.A., et al., Analytical and numerical techniques for the evaluation of free
radical damage in cultured cells using scanning laser microscopy. Cytometry, 1996.
25(3): p. 254-62.

Rothe, G. and G. Valet, Flow cytometric analysis of respiratory burst activity in
phagocytes with hydroethidine and 2',7'-dichlorofluorescin. J Leukoc Biol, 1990.
47(5): p. 440-8.

Aebi, H., Catalase in vitro. Methods Enzymol, 1984. 105: p. 121-6.

Singh, N.P., et al., A simple technique for quantitation of low levels of DNA damage
in individual cells. Exp Cell Res, 1988. 175(1): p. 184-91.

Collins, A.R., et al., The comet assay: what can it really tell us? Mutat Res, 1997.
375(2): p. 183-93.

Picada, J.N., et al., DNA damage in brain cells of mice treated with an oxidized form
of apomorphine. Brain Res Mol Brain Res, 2003. 114(1): p. 80-5.

Thomas, P. and M. Fenech, Cytokinesis-block micronucleus cytome assay in
lymphocytes. Methods Mol Biol, 2011. 682: p. 217-34.

Fenech, M., Cytokinesis-block micronucleus cytome assay. Nat Protoc, 2007. 2(5):
p. 1084-104.

Hennings, H., et al., Calcium regulation of growth and differentiation of mouse
epidermal cells in culture. Cell, 1980. 19(1): p. 245-54.

Zhang, X.M., et al., Folate stimulates ERK1/2 phosphorylation and cell proliferation
in fetal neural stem cells. Nutr Neurosci, 2009. 12(5): p. 226-32.

Saris, N.E., et al., Magnesium. An update on physiological, clinical and analytical
aspects. Clin Chim Acta, 2000. 294(1-2): p. 1-26.

Boldt, D.H., New perspectives on iron: an introduction. Am J Med Sci, 1999. 318(4):
p. 207-12.

Fenech, M. and L.R. Ferguson, Vitamins/minerals and genomic stability in humans.
Mutation Research, 2001. 475(1-2): p. 1-6.

Ames, B.N., DNA damage from micronutrient deficiencies is likely to be a major
cause of cancer. Mutation Research, 2001. 475(1-2): p. 7-20.

De Freitas, J.M. and R. Meneghini, Iron and its sensitive balance in the cell.
Mutation Research, 2001. 475(1-2): p. 153-9.

Strand, K.R., et al., Crystal structural studies of changes in the native dinuclear iron
center of ribonucleotide reductase protein R2 from mouse. J Biol Chem, 2004.
279(45): p. 46794-801.

Akatsuka, S., et al., Fenton reaction induced cancer in wild type rats recapitulates
genomic alterations observed in human cancer. PLoS One, 2012. 7(8): p. e43403.
Meneghini, R., Iron homeostasis, oxidative stress, and DNA damage. Free Radic
Biol Med, 1997. 23(5): p. 783-92.

Dunn, L.L., Y. Suryo Rahmanto, and D.R. Richardson, Iron uptake and metabolism
in the new millennium. Trends Cell Biol, 2007. 17(2): p. 93-100.



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

95

Wessling-Resnick, M., Biochemistry of iron uptake. Crit Rev Biochem Mol Biol,
1999. 34(5): p. 285-314.

Shvartsman, M. and Z. loav Cabantchik, Intracellular iron trafficking: role of
cytosolic ligands. Biometals, 2012. 25(4): p. 711-23.

Hider, R.C. and X. Kong, Iron speciation in the cytosol: an overview. Dalton Trans,
2013. 42(9): p. 3220-9.

Steere, A.N., et al., Kinetics of iron release from transferrin bound to the transferrin
receptor at endosomal pH. Biochim Biophys Acta, 2012. 1820(3): p. 326-33.
Arredondo, M. and M.T. Nunez, Iron and copper metabolism. Mol Aspects Med,
2005. 26(4-5): p. 313-27.

Tsujikawa, K., et al., Localization of metallothionein in nuclei of growing primary
cultured adult rat hepatocytes. FEBS Lett, 1991. 283(2): p. 239-42.

Chubatsu, L.S. and R. Meneghini, Metallothionein protects DNA from oxidative
damage. Biochem J, 1993. 291 ( Pt 1): p. 193-8.

Ock, C.Y., et al.,, 8-Hydroxydeoxyguanosine: not mere biomarker for oxidative
stress, but remedy for oxidative stress-implicated gastrointestinal diseases. World J
Gastroenterol, 2012. 18(4): p. 302-8.

Nakamura, T., et al., Holo-transferrin and thrombin can interact to cause brain
damage. Stroke, 2005. 36(2): p. 348-52.

Preston, T.J., et al., Base excision repair of reactive oxygen species-initiated 7,8-
dihydro-8-oxo-2'-deoxyguanosine inhibits the cytotoxicity of platinum anticancer
drugs. Mol Cancer Ther, 2009. 8(7): p. 2015-26.

Franke, S.l., et al., Influence of orange juice over the genotoxicity induced by
alkylating agents: an in vivo analysis. Mutagenesis, 2005. 20(4): p. 279-83.

Wang, J. and K. Pantopoulos, Regulation of cellular iron metabolism. Biochem J,
2011. 434(3): p. 365-81.

Schumann, K., et al.,, Rat duodenal IRP1 activity and iron absorption in iron
deficiency and after HO perfusion. Eur J Clin Invest, 2004. 34(4): p. 275-82.
Pantopoulos, K. and M.W. Hentze, Activation of iron regulatory protein-1 by
oxidative stress in vitro. Proc Natl Acad Sci U S A, 1998. 95(18): p. 10559-63.
Moos, T., D. Trinder, and E.H. Morgan, Effect of iron status on DMT1 expression in
duodenal enterocytes from beta2-microglobulin knockout mice. Am J Physiol
Gastrointest Liver Physiol, 2002. 283(3): p. G687-94.

Fenech, M., The micronucleus assay determination of chromosomal level DNA
damage. Methods Mol Biol, 2008. 410: p. 185-216.



96

3. DISCUSSAO GERAL

Existem evidéncias suficientes demonstrando a relagéo entre o estado nutricional,
a concentracao de micronutrientes e o desenvolvimento de diversas patologias (FENECH,
2002; FERRAZ, 2010) Determinadas vitaminas e minerais atuam na manutencdo da
estabilidade gendmica, portanto, com potencial acdo na prevencao de doencgas, incluindo
o cancer (FERRAZ, 2010). Contudo, vitaminas e minerais, quando administrados em
excesso ou fora de matrizes alimentares, podem favorecer o acumulo de ERO e
influenciar processos de dano ao DNA (FRANKE, 2006).

Especificamente a respeito do micronutriente Fe, é sabido que o0 mesmo tanto é
essencial quanto potencialmente toxico para 0s organismos, exigindo que sua
homeostase seja mantida de forma bastante orquestrada. Para administrar esse
paradoxo, 0s niveis de aquisicdo, utilizacdo e estocagem do Fe devem ser finamente
regulados de acordo com a sua disponibilidade e necessidade (OGLESBY-SHERROUSE
& MURPHY, 2013).

Visto que o Fe e outros micronutrientes influenciam a estabilidade gendmica
(PAPANIKOLAOU & PANTOPOULOQOS, 2005), redigiu-se um artigo com o objetivo de
revisar o papel de vitaminas e minerais chaves para a estabilidade genémica, dando-se
um enfoque mais voltado para o seu papel no desenvolvimento celular. Os dados
apresentados no Capitulo | demonstram claramente que tanto a deficiéncia de
micronutrientes como sua sobrecarga podem ter impactos na viabilidade celular e na
estabilidade gendmica de células em cultura (Tab. 3 e 4). Isto reforca a hipétese de que o
desequilibrio observado nos niveis de micronutrientes usualmente encontrados em meios
de cultivo celular (Tab. 2, Capitulo I) frente aos valores fisiologicos humanos pode, de

alguma forma, estar gerando vieses nas analises feitas em estudos in vitro.

No caso do micronutriente de interesse desta tese, o Fe, além dos dados
relatados no Capitulo I, que discorrem sobre os efeitos na viabilidade celular e
estabilidade gendmica das culturas avaliadas, é interessante destacar o papel ainda
controverso a respeito do mesmo no que se refere a proliferagdo bacteriana. Ao
delinearmos o0s estudos experimentais, muitos ensaios preliminares foram conduzidos,
inclusive para se determinar a concentracdo de Fe a ser usada na suplementacédo dos

meios de cultura. Justamente, ao se preparar 0s meios de cultura de tratamento com Fe,
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verificou-se, em dadas situacfes, um maior indice de contaminacdo por bactérias nesses
meios, em especial, naqueles que recebiam o sal inorganico na forma de sulfato ferroso
(FeSO.,).

Na verdade, o Fe € um micronutriente virtualmente essencial para todo organismo
Vivo, inclusive os microrganismos. Embora o corpo humano contenha Fe em abundancia,
a maior parte esta ligada a hemoglobina, mioglobina e citocromos e, além disso, ndo esta
disponivel em uma forma que possa contribuir para o crescimento de microrganismos
(JURADO, 1997; ZHANG & ENNS, 2009). A disponibilidade do ferro férrico (Fe*") é ainda
limitada pela Tf, que pela sua alta capacidade de ligacdo ao Fe plasmatico, contribui para
a imunidade inata contra diversos microrganismos patogénicos no ambiente hospedeiro
(GILES & CZUPRYNSKI, 2004). Interessante observar que, durante o curso de uma
infeccdo, as concentracBes de Tf plasmética sdo aumentadas e a expressao de RT,
diminuida, resultando numa répida reducdo nas concentracdes de Fe** no plasma (para
valores menores que 10™° mol/L) (JURADO, 1997) sendo que este valor esta abaixo do
limite de Fe** requerido para suportar a maioria dos crescimentos microbianos (10 mol/L)
(JURADO, 1997). Esse fenbmeno tem uma repercussao fisiolégica importante, visto que
em situacdes de infeccdo (proteina C-reativa aumentada) os valores de referéncia para
diagndstico de anemia, medida pela ferritina sérica, sdo alterados (HOEN, 1999;
SHANTHI et al., 2013).

Nesse sentido, as contaminacdes indesejadas de algumas de nossas culturas
podem, possivelmente, ser explicadas pela afinidade que microrganismos demonstram
por ambas formas do micronutriente Fe, mas preferencialmente por Fe na forma ferrosa
(Fe?") (VELAYUDHAN et al., 2000), tanto quanto as células que estavam sendo
avaliadas. Corroborando com este fato, verificou-se que as culturas que recebiam a
suplementacdo proveniente de Fe inorganico, FeSO,, ndo ligado a Tf, claramente
contaminavam com maior facilidade. A saber, o Fe inorganico ndo esta “preso” e,
portanto, € de facil utlizacdo pelos possiveis microrganismos contaminantes,
contrariamente ao Fe ligado a h-Tf, que parece ser a via mais rapidamente absorvida pela

célula.

Observando-se os valores de Fe intracelular para as células MRCS5, tratadas com
h-Tf (Fig. 1, Capitulo Il), conjugados a expressdo aumentada de CD71 (receptor de h-Tf -

glicoproteina de membrana envolvida na absorcao celular de Fe via endocitose) verificada
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no western blotting (Fig. 13, Capitulo 11), pode-se inferir que a absorcéo do Fe* ligado a
Tf parece ser realmente primordial para as células. Contudo, € importante observar que a
Tf liga-se preferencialmente a Fe**, mas também pode ligar-se a Fe?* (KELTER et al.,
2007) e, portanto, menos Fe?/Fe®" permanece disponivel no meio. Com base nesse
dado, pode-se inferir adicionalmente que o consumo do micronutriente por algum
microrganismo oportunista estaria potencialmente minimizado frente a suplementacéo
com h-Tf. Além da expressdo de CD71 estar aumentada frente ao pré-tratamento com h-
Tf, observou-se um incremento também na expressdo de Nramp2 (receptor de ions
dimetélicos - proteina de membrana com funcdo transportadora de cations divalentes,
como o Fe®") (Fig. 13, Capitulo Il). Neste sentido, pode-se inferir que ndo se trata da
expressdo de Nramp2 presente na membrana celular e sim, possivelmente, da proteina
presente no endossomo (ARREDONDO & NUNEZ, 2005), no qual o complexo h-Tf-RTf é
encapsulado (Fig. 3, Introducdo). Apés a reducéo de Fe®*, para que ocorra a liberacdo de
Fe®* para o citosol é necessario que o mesmo seja transportado através de DMT1
(Nramp2). Sugere-se assim que 0s mecanismos envolvidos na absorcédo e utilizagdo de
Fe pela célula via Tf sejam mais elegantemente regulados.

Uma vez que o Fe®" proveniente do Fe ligado a h-Tf ou nao ligado a Tf (NTBI,
non-transferrin binding iron) chega ao citosol, ele permanece temporariamente ligado
fracamente a proteinas ou quelantes de baixo peso molecular, antes de ser devidamente
estocado na ferritina, consumido em processos metabdlicos mitocondriais
(SHVARTSMAN & IOAV CABANTCHIK, 2012) ou usado na sintese de hemoproteinas ou
outras enzimas que usam Fe como cofator (PRA et al., 2012). Mesmo com um refinado
sistema de transporte e estocagem, em torno de 3-5% do conteudo celular de Fe existe
na forma labil (LIP), sendo citotoxico em fungédo de sua habilidade em catalisar a
formacgao de radicais hidroxila a partir de H,O, pela reacdo de Fenton (ARREDONDO &
NUNEZ, 2005; PRA, 2008). As células mantém o LIP sob rigoroso controle pela regulacéo
da expressao de ferritina e do RTf (MACKENZIE et al., 2008). Sendo assim, uma
expressdo aumentada em CD71, frente a uma maior disponibilidade de Fe® ligado a Tf
no meio de cultura sugere que, possivelmente, para a homeostasia celular adequada,
uma demanda maior por Fe estava sendo sinalizada intracelularmente visando uma maior

absorcao do micronutriente.
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O tratamento com FeSO, também demonstrou niveis intracelulares de Fe
aumentados quando comparado ao controle (Fig. 1, Capitulo II), mas a expressao do
receptor de metais divalentes (Nramp2) curiosamente ndo foi tdo notéria para 0s
tratamentos com FeSO,4 nestes ensaios preliminares (Fig 13, Capitulo Il). E importante
destacar que a principal forma de Fe presente no LIP &, em geral, Fe*'® devido ao
ambiente redutor celular, embora Fe*® transiente seja esperado como um resultado de
oxidacgao celular (ARREDONDO & NUNEZ, 2005). De certa forma, este resultado poderia
ser um indicativo de que a célula ndo aumentou a expressao do receptor de Fe divalente
a fim de evitar um aumento substancial no LIP e com isso, evitar toxicidade proveniente

de ERO intracelular.

Ainda no que se refere a absor¢éo de Fe intracelular, resultados preliminares (ndo
apresentados) sugerem que semeaduras celulares iniciais distintas, para um mesmo
tempo de exposicdo aos tratamentos de Fe, resultam em valores de Fe intracelular
maiores para um menor numero de células semeadas. Uma vez que o suprimento de Fe
disponivel no meio é limitado, um maior nuimero de células semeadas gera,
possivelmente, uma "competicdo" por Fe. Por outro lado, quanto mais tempo as células
ficam expostas ao meio, maior é a taxa de Fe intracelular observada (Fig. 1A e 1B,
Capitulo 1). Acredita-se no entanto que as taxas de Fe intracelular atinjam um platd, uma

vez que esse recurso no meio celular é finito.

Adicionalmente, ao se analisar as informacdes disponiveis na literatura e
descritas no Capitulo I, que discorre sobre a influéncia de micronutrientes na viabilidade
celular, geracdo de ERO e danos oxidativos, conjuntamente a alguns dos resultados
demonstrados no Capitulo I, verifica-se que, apesar do Fe absorvido gerar acumulo de
ERO (Fig. 6 e 7, Capitulo 1), a presenca desses ERO, até um determinado nivel, estaria
apenas corroborando com a proliferacdo celular (TRACHOOTHAM et al., 2008), pois néo
se verificou dano as células no cometa alcalino (Fig. 9 e 10). A formag¢do de ERO é um
processo intrinseco a vida e os ERO possuem atividades biolégicas fundamentais, por
exemplo, relacionadas a defesa contra patdgenos e a sinalizacdo celular (EVANS et al.,
2004). Adicionalmente, um aumento da taxa metabdlica, que correlaciona-se com a

proliferacdo celular, deve aumentar a sintese de ERO (EVANS et al., 2004).

Por outro lado, evidéncias indicam, ja de longa data, que o estresse oxidativo em

geral, mas que também pode ser resultante de um aumento nos niveis de Fe, quando em
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associacao com defeitos nos mecanismos de defesa antioxidante, pode estar relacionado
com morte celular em algumas doencas degenerativas (JOMOVA & VALKO, 2011) e a
alguns tipos de cancer (PRA et al., 2009; JOMOVA & VALKO, 2011). Entre o periodo de
tratamento de 24h e 96h, verificou-se um decaimento no acumulo de ERO de ambas as
culturas, tanto na presenca de h-Tf quanto de FeSO, ERO (Fig. 6A e 6B; Fig. 7A e 7B,
Capitulo 1), apesar de a atividade da enzima catalase n&do estar aumentada (Fig. 8,
Capitulo I1). Esses resultados poderiam ser justificados possivelmente pela a¢do de outros
mecanismos de defesa compensatdrios que estivessem ativados. A catalase foi avaliada
uma vez que possui um grupamento heme, ou seja, o micronutriente Fe € um de seus co-
fatores e, além disso, ha evidéncias de que anémicos possuem reducdo na atividade da
enzima (GOTH & BIGLER, 2007). Contudo, de acordo com a literatura, ERO produzidas
por Fe também podem ser removidas por SODs, peroxidases, além de catalases, sendo
gue SOD parece ter um importante papel de protecdo (HENLE & LINN, 1997; HIDER &
KONG, 2013).

Em relac@o a suplementacdo com h-Tf, observou-se um menor acumulo de ERO
tanto na cultura de MRC5 quanto em HepG2 em relagcdo ao tratamento com FeSO,.
Nesse contexto, € importante destacar que um dos principais papeis da Tf € justamente
se ligar ao Fe**, evitando assim que o mesmo encontre-se disponivel para reagir e gerar
ERO, sendo esta uma importante estratégia antioxidante do organismo (FRANKE et al.,
2006).

Os niveis de Fe intracelular verificados para h-Tf foram levemente superiores
agueles encontrados para FeSO, (Fig.1, Capitulo II), entretanto, os niveis de ERO se
mostraram inversamente proporcionais. Dessa forma, ja seria possivel sugerir que,
aparentemente, a suplementacdo com h-Tf seria a via primordial e mais facilmente
reconhecida pela célula para absorcao de Fe, mantendo os niveis de ERO dentro de uma
faixa que ndo compromete a viabilidade celular nem a estabilidade genbmica.
Adicionalmente, poderia inferir-se que a via de absor¢do mediada por h-Tf resultasse em
uma absorcdo mais orquestrada de Fe, gerando em um LIP menor. De fato, a absorcao
parece ser favorecida. Contudo, os resultados demonstrados no cometa alcalino, onde
houve pré-tratamento com h-Tf e FeSO, seguido de exposicdo aos mutdgenos H,O, e
MMS (Fig. 11A, Capitulo Il), sugerem uma cinética de liberacdo do Fe**. O Fe* ligado a

Tf, principalmente frente ao H,O,, cuja lesdo predominante € a quebra de fita, mas
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algumas bases também sdo oxidadas (IMLAY et al., 1988; HENLE & LINN, 1997;
NAKAMURA et al., 2003), gerou um aumento bastante significativo no indice de dano,
possivelmente, devido a um aumento nas quebras em fitas de DNA. Por outro lado,
FeSO, apresentou padrédo de dano semelhante ao tratamento com H,0O, (Fig. 11A,
Capitulo II).

E importante salientar que o ensaio cometa ndo é capaz de distinguir lesdes que
sdo induzidas per se pelo tratamento daquelas que séo induzidas pela atividade de
enzimas de reparo do DNA, pois quebras simples sdo formadas como etapa intermediaria
nos reparos por excisdo (COLLINS et al., 2008). O Fe, por sua vez, reage com peroxidos
produzindo radicais livres que sdo altamente reativos, como HOe® , a espécie reativa de
oxigénio mais reativa de todas. Por sua vez, radicais HO* podem gerar lesées no DNA,
causando quebras no DNA, depurinagdo/depirimidinacdo e modificacdes quimicas nas
bases ou nos acucares, além de peroxidacéo lipidica e modificacdes proteicas (WELCH et
al., 2002; JOMOVA & VALKO, 2011). Adicionalmente, o Fe esta sempre apto a reagir com
moléculas que contenham oxigénio, mesmo que o Fe e/ou o oxigénio estejam livres ou
complexados com ligantes fracos ou até mesmo dentro de grandes biomoléculas, como
lipideos, proteinas, acucares ou DNA e RNA (HALLIWELL & GUTERRIDGE, 2007).

Uma teoria possivel para se tentar elucidar o porqué de h-Tf na presenca de H,0,
ter demonstrado efeito aditivo de danos ao DNA, talvez esteja relacionada a forma do Fe
ligado a h-Tf versus FeSO,. Pode-se inferir que a cinética de liberagcdo de Fe no meio
intracelular, bem como a formacédo de LIP, estejam envolvidas nesse evento. Esta
hipétese é devidamente discutida no Capitulo Il. No caso de FeSO,, o Fe disponibilizado
para a célula é Fe** enquanto a h-Tf transporta Fe**. A h-Tf, para liberar o Fe no citosol,
precisa que o mesmo seja reduzido no endossomo. Sendo assim, pode-se inferir que no
caso de FeSQy, tdo logo o Fe seja absorvido pela célula, seja instantaneamente utilizado
pela célula e/ou, armazenado na ferritina (Fig. 2, Introduc&o). Apos as 24h do preé-
tratamento, quando finalmente o mutageno vai entrar em contato com a célula,
possivelmente ndo reste tanto Fe?" disponivel livremente no interior celular para reagir
com o H,0, e, portanto, ndo se observa um aumento tao expressivo nos danos ao DNA.
Por outro lado, considerando esse "atraso" na liberacao do Fe ligado a Tf, pode-se inferir
gue, apos o mesmo periodo de pré-tratamento, quando finalmente ocorre a exposi¢cao ao

mutageno, ainda exista Fe disponivel livremente no meio intracelular ou até mesmo, no
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nicleo (HIDER & KONG, 2013). Uma absorcdo levemente maior de Fe, conforme
demonstrado pelo nivel intracelular quantificado (Fig. 1, Capitulo Il), pode ser igualmente
uma explicacdo alternativa ao maior nivel de dano nas células pré-tratadas com h-Tf em

relacdo aquelas pré-tratadas com FeSO,.

Para os pré-tratamentos com MMS, mutageno reconhecidamente usado para
verificacdo de danos alquilantes ao DNA, e em menor escala, também usado para
avaliacdo de danos oxidativos (FRANKE et al., 2005), ambos pré-tratamentos tiveram
perfil semelhante ao do MMS (Fig. 11A, Capitulo Il). Sendo assim, sugere-se que a
presenca de Fe no meio de cultura, previamente a exposicdo ao MMS, ndo demonstrou
influéncia sobre danos alquilantes ao DNA. A hipdtese de que a suplementacdo com Fe
pudesse modular alquilransferases, que contém Fe como co-fator, reduzindo o dano

induzido pelo MMS, néo foi comprovada no tempo de reparo avaliado.

O perfil de danos frente a ENDO Il e FPG foi bastante semelhante para todos os
tratamentos de Fe (Fig. 11B e 11C, Capitulo 1), ndo sendo verificadas diferencas entre
danos em pirimidinas versus purinas, e denotando-se apenas um decréscimo nos danos
oxidativos quando comparados ao H,O,. Nos tratamentos com MMS quando expostos a
FPG, que por sua vez reconhece danos oxidativos, mas também bases alquiladas (SPEIT
et al., 2004), foi possivel observar uma diferenca maior quando se subtrairam os danos
com enzimas dos resultados sem enzimas, sugerindo que MMS cause danos alquilantes
mais frequentes em purinas, mas para os quais nem h-Tf nem FeSO, demonstraram

efeito protetor.

Uma vez que o Fe é co-fator de inUmeras enzimas e proteinas (PRA et al., 2012),
como ja mencionado, entre elas enzimas de reparacdo ao DNA, também verificou-se a
expressdo de duas proteinas que apresentam clusters Fe/S em sua estrutura e cujos
resultados estao igualmente descritos no Capitulo Il. Basicamente, o objetivo foi avaliar se
a presenca de Fe de alguma forma poderia estar favorecendo o reparo por alguma das

vias em que as proteinas eleitas estivessem envolvidas.

Com base nas informacdes descritas na literatura (PRA et al., 2012), foram
selecionadas uma helicase - ERCC2 (também conhecida como XPD) - que desempenha
importante papel no reparo de DNA por excisdo de nucleotideos (NER), sendo uma das
subunidades do fator de transcricdo TFIIH (ASSFALG et al.,, 2012; COMPE & EGLY,
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2012), e uma glicosilase — MutyH -, que além de ser uma enzima relacionada ao reparo
por desemparelhamento de bases (MMR), é também uma DNA glicosilase requerida para
0 reconhecimento e reparo de DNA que atua no BER removendo adeninas quando mal-
pareadas com 8-oxo-Gua (CHEADLE & SAMPSON, 2003; BRZOSKA et al.,, 2006;
WHITE, 2009). No momento em que a adenina € substituida pela citosina, a 8-oxo-Gua ja
€ excisada pela proteina FPG, que atua em desemparelhamentos do tipo 8-oxo-Gua:A
(HENLE & LINN, 1997; SPEIT et al., 2004).

O NER é capaz de reconhecer e reparar um grande numero de lesdes nao
necessariamente relacionadas estruturalmente. Neste caso, as lesdes sdo reconhecidas
nao por sua natureza quimica, mas pelo grau de distor¢do promovido na hélice de DNA.
Essas lesdes incluem dimeros de pirimidina e 6-4 fotoprodutos (citosina-timina), timina-
glicéis, adutos gerados por psoralenos fotoativos, purinas-cisplatinas, agentes alquilantes,
e adutos formados por carcindgenos policiclicos, além de pontes intercalantes
(HENRIQUES & SAFFI, 2003; ROCCA et al., 2010). O NER ocorre quando a remogéao da
base defeituosa é feita pela incisdo endonucleolitica nos dois lados da lesdo, com
liberacdo dos nucleotideos, seguida pelo preenchimento da regido por agdo da DNA-
polimerase. As principais etapas deste processo de reparagcdo compreendem:
reconhecimento da lesao, incisdo do dano (3’ e 5’), excisao do dano (em torno de 24 a 32
nucleotideos), sintese de reparagao (ressintese de DNA) e ligacdo (HENRIQUES &
SAFFI, 2003; ROCCA et al., 2010).

O BER é um dos mecanismos de reparo mais utilizados para o reparo de danos
oxidativos e alquilacdo, sendo considerado a via primoridal para esse tipo de lesédo e
atuando igualmente na remocdo de 8-OHdG (OCK et al.,, 2012). Caracteriza-se pela
excisao unica e exclusivamente da base lesada. O BER, a exemplo de outros sistemas de
reparo, envolve a clivagem e a ressintese da porcdo de DNA danificada. Uma série de
enzimas denominadas DNA-glicosilases reconhecem a lesdo e promovem a hidrélise da
ligacdo N-glicosil, que liga a base ao esqueleto de fosfato-agucar do DNA. Como
consequéncia, temos um sitio abasico que €& reconhecido por uma AP-endonuclease,
capaz de produzir quebras na ligacao fosfodiester a 5’ ou 3’ do sitio basico (SATOH &
LINDAHL, 2004). Desse modo, a estrutura do DNA fica rompida até que a DNA
polimerase ressintetize a cadeia e esta seja religada. O ensaio cometa detecta

principalmente quebras no DNA, que podem ter resultado de genotoxicidade ou da



104

atividade de reparo. Portanto, um aumento de genotoxicidade detectado pelo ensaio
cometa eventualmente também pode indicar um aumento na atividade de reparo, uma vez
gue as quebras detectadas podem ser provenientes de excisdo das cadeias de DNA
pelas enzimas de reparo (TICE et al., 2000; COLLINS et al., 2008).

Os resultados de Western Blotting para a expressdo das proteinas de reparo
eleitas, apds tratamentos com h-Tf e FeSO,, por periodos de 24h e 96h (resultados
preliminares ndo mostrados), ndo indicaram nenhuma alteracdo na expressao das
mesmas com base simplesmente na maior disponibilidade de um co-fator, no caso, o Fe.
Sendo assim, decidiu-se fazer um pré-tratamento com h-Tf e FeSO4 (24h), seguido de
exposicdo a mutadgenos (procedimento idéntico ao usado no ensaio cometa), para
verificar-se a expressao das proteinas envolvidas com a reparacdo de DNA. Analisando-
se os resultados obtidos (Fig. 12, Capitulo Il), é possivel verificar que a via de reparacdo
mais favorecida frente aos pré-tratamentos e exposicdo aos mutagenos, H,O, e MMS, foi
BER, uma vez que a expressao de MutyH esta visivelmente aumentada, em especial, ha
presenca de H,O,. Contudo, a presenca do pré-tratamento de Fe, tanto com h-Tf quanto
com FeSO4, ndo demonstrou ter nenhuma influéncia em particular sobre a expressao de
MutyH. No caso da proteina relacionada ao NER, ndo houve aumento em sua expressao.
Curiosamente, o pré-tratamento com h-Tf seguido de exposicdo aos mutagenos, H,O, e
MMS, demonstrou um decaimento na expressdo de TFIIH (Fig. 12, Capitulo Il). Nesse
sentido, pode-se sugerir que na presenca de Fe, em sendo este micronutriente um cofator
para TFIIH, a eficiéncia desta enzima possa estar aumenta, apesar de sua expressao ter
diminuido. Ou ainda, que outra via esta sendo sinalizada, diferentemente de NER, como é

0 caso de BER.

No Capitulo I, € demonstrado que micronutrientes sdo capazes de influenciar a
viabilidade celular e a estabilidade gendmica in vitro de maneira dependente da
concentracdo e da forma de micronutriente estudada (Tab. 3 e 4, Capitulo 1). Contudo,
muitos micronutrientes ainda requerem mais estudos in vitro (Tab. 5, Capitulo 1), apesar
de in vivo ja se ter um conhecimento mais robusto, conforme demonstrado na Tabela 1
(Capitulo 1).

No caso do Fe, os resultados do Capitulo Il vém a somar nesse sentido, uma vez
gue usando modelos celulares distintos, MRC5 e HepG2, e duas formas de

suplementacdo de Fe, h-Tf e FeSO,, demonstrou-se um aumento de 10-20% na
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proliferacédo e viabilidade celular. Além de ter-se investigado outras interacfes relevantes
(como formacdo de ERO e expressao de proteinas) a fim de se elucidar melhor o papel
do micronutriente Fe na estabilidade gendmica de culturas celulares, demonstrando que,
nao somente concentragcbes distintas (resultados preliminares n&do descritos), mas
também, diferentes formas de Fe usado na suplementacdo de meios de cultura, podem
interferir nos resultados finais de qualquer estudo que considere um modelo celular in

vitro.

Na verdade, pode-se afirmar que a forma de suplementagéo usada para fornecer
gualquer micronutriente para o meio celular pode ser uma importante variavel nos
resultados de uma pesquisa com células. Ha décadas esta estabelecido que a diferenca
no efeito téxico do Fe estd diretamente relacionada com a presenca de agentes
quelantes, os quais servem para reduzir a concentracdo de Fe** e promover a formacéo
de ferritina (JACOBS et al., 1978; MAY & QU, 2010). Agentes quelantes ndo somente
removem o Fe do organismo, mas também sequestram e ligam-se fortemente ao Fe labil,
prevenindo a geracao de ERO. A suplementagao dos meios de cultura com quelato de Fe
pode ser considerada, mas normalmente essa forma de Fe apresenta precos mais
elevados junto aos fornecedores, ndo favorecendo o seu uso em larga escala como
suplemento de culturas celulares. Importante observar que, in vivo, existe um complexo
sistema de proteinas responsaveis pelo transporte e armazenamento de Fe e de tal
forma, o0 mesmo raramente encontra-se livre no organismo, uma vez que é danoso
(MENEGHINI, 1997; PRA et al., 2012). Sendo assim, cuidado semelhante deve existir no
momento de se formular meios de cultura celular que contenham concentracdes mais

elevadas de Fe do que as atualmente existentes.

No campo da biotecnologia industrial, existe um grande interesse em encontrar
componentes alternativos que possam substituir suplementos derivados de animal (ex.:
SFB) nos meios de cultura, sendo que a h-Tf é uma alternativa bastante estudada. A h-Tf
humana tem demonstrado uma grande capacidade para promover o crescimento celular,
guando comparada ao analogo bovino (h-Tf proveniente do SFB) nas culturas celulares
humanas (BRANDSMA et al.,, 2011). Recentemente, um estudo demonstrou que a
suplementacdo com Tf influencia positivamente o cultivo de células neuronais, sugerindo
gue a mesma deveria ser fortemente considerada como um fator de amplificacdo de
células neuronais in vitro (SILVESTROFF et al., 2013).
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Em resumo, neste trabalho foram encontrados resultados interessantes no que se
refere a suplementacéo de meio de cultura celular com o micronutriente Fe, tanto na sua
forma h-Tf quanto como FeSOg4. A proliferagcéo e viabilidade celular foram aumentadas e,
apesar do acumulo de ERO observado, ndo houve comprometimento na estabilidade
genObmica das células. Além disso, considerando-se que o0s niveis de Fe intracelular
verificados para a h-Tf foram levemente superiores aos do FeSO,4, mas por outro lado, os
niveis de ERO acumulados nas células tratadas com h-Tf foram inferiores aquelas que
foram expostas a FeSO,, pode-se inferir que a h-Tf seja a forma primordial para a
suplementacdo dos meios de cultura. Adicionalmente, h-Tf tem papel importante na
homeostase do Fe. Corroborando com essa inferéncia, pode-se ainda mencionar o fato
de que o Fe ligado a Tf dificilmente € usado por microrganismos oportunistas presentes
nas culturas. A concentracdo e a forma de Fe sugeridos neste estudo deveriam ser
futuramente usadas em outras culturas celulares, em especial, aquelas que requerem um
suprimento constante desse micronutriente para a sua diferenciacdo, como precursores
neuronais (SILVESTROFF et al., 2013) e células tronco mesenquimais (CALLENS et al.,
2010).
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4. CONCLUSOES

4.1. Conclusao geral

O micronutriente Fe desempenhou importante papel na viabilidade celular e na
estabilidade gendmica, sendo que a suplementacdo com h-Tf numa concentracao
proxima a fisiolégica (7 pumol/L) demonstrou ser benéfica para as linhagens MRC5 e
HepG2.

4.2. Conclusdes especificas

- Ambas formas de suplementacdo de Fe, h-Tf e FeSO,, foram captadas por
MRCS5.

- Igualmente, h-Tf e FeSO, aumentaram a proliferacdo e viabilidade de ambas
linhagens (MRC5 e HepG2).

- h-Tf gerou menos ERO, possivelmente, por estar ligada a uma forma de Fe mais

estavel (Fe®").

- Pré-tratamento de h-Tf demonstrou ter uma cinética de liberacdo de Fe no meio
intracelular mais lenta do que FeSO,, apesar de transportar uma forma mais estavel de

Fe, sendo que na presenca de H,O, aumentou dano ao DNA.

- Pré-tratamentos de h-Tf e FeSO, ndo parecem ter influéncia na expressao das
proteinas de reparo TFIIH e MutyH, quando seguidos de exposicdo as mutagenos, na

concentragéo e periodos de tratamentos avaliados.

- h-Tf aumentou a expressédo de CD71 e Nramp, sugerindo que a absor¢éo de Fe

ligado a Tf seja uma via preferencial pela célula para a obteng&o do micronutriente.

- H,O, extracelular é capaz de ativar o mecanismo pos-transcricional de regulagéo

da homeostase de Fe, relacionado a IRP-IRE.

- O tratamento com h-Tf, em concentragdo proxima a fisioldgica, foi capaz de
aumentar a proliferacéo e viabilidade celular, ndo sendo nem citotoxico nem genotéxico

para as linhagens avaliadas, MRC5 e HepG2.
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5. PERSPECTIVAS

Adicionalmente aos resultados obtidos e as conclusdes geradas, algumas
guestdes surgiram ao longo do trabalho, instigando a necessidade de estudos

complementares.

- Testar outras formas de Fe na suplementacdo de culturas celulares, como

guelatos de Fe.

- Avaliar a influéncia da forma e concentracdo propostas de Fe em culturas de
células primarias ou ainda, de células ndo diferenciadas, como células-tronco

mesenquimais.

- Verificar a cinética de reparo das células no ensaio comenta, frente aos pré-

tratamentos seguidos de exposi¢cdo a mutagenos.
- Avaliar a atividade de outras defesas antioxidantes, como a GSH, SOD e GPx.

- Complementar os dados de expressao de proteinas receptoras de Fe celular e

identificar o local em que as mesmas sdo expressas nas células.
- Mensurar as espécies de Fe intracelular - Fe?* e Fe®".

- Verificar a formacé&o de microndcleos frente aos pré-tratamentos com Fe seguidos
de exposicdo aos mutagenos, a fim de entender se o dano causado pelos mutagenos é

reparavel ou néo e se o pré-tratamento com Fe favorece de alguma forma esse processo.
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Curriculum Vitae

Dados pessoais

Nome Ana Lucia Vargas Arigony

Filiacao José Narciso Arigony e Maria do Carmo Vargas Arigony
Nascimento 02/01/1981 - Porto Alegre/RS - Brasil

Carteira de Identidade 6071112715 SJS - RS - 23/04/2003

CPF 959.328.790-68

Endereco residencial  Avenida Luiz Manoel Gonzaga
Petrépolis - Porto Alegre
90470280, RS - Brasil
Telefone: 51 81174454

Endereco eletrdnico
E-mail para contato : alv.arigony@gmail.com
e-mail alternativo : ana.arigony@souzacruz.com.br

Formacgéo académical/titulagéo

2008 Doutorado em Biologia Celular e Molecular.
Universidade Federal do Rio Grande do Sul, UFRGS, Porto Alegre, Brasil
Titulo: Avaliacdo do Efeito do Micronutriente Ferro (Fe) na Viabilidade
Celular e Estabilidade Gendmica de Culturas Celulares de Fibroblasto
Pulmonar (MRC5) e Hepatocarcinoma (HepG2), Ano de obtencgéo: 2013
Orientador: Prof. Dr. Jodo Antdnio Pégas Henriques

2003 - 2005 Mestrado em Ciéncias Farmacéuticas.
Universidade Federal do Rio Grande do Sul, UFRGS, Porto Alegre, Brasil
Titulo: Determinacdo Quimica e Bioldgica de Bauhinia forficata Link sub.
pruinosa, Ano de obteng&o: 2005
Orientador: Prof. Dr. José Angelo da Silveira Zuanazzi
Bolsista do(a): Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico

1998 - 2002 Graduacéo .
Pontificia Uiniveridade Catélica do Rio Grande do Sul, PUC-RS, Brasil
Titulo: Homeopatia: uma alternativa de tratamento para animais de
producéo
Orientador: MSc. Denise Mildo

Atuacao profissional

1. Souza Cruz S.A. - BAT

Vinculo institucional

2006 - Atual Vinculo: Empregado , Enquadramento funcional: Especialista
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em Assuntos Regulatérios , Carga horaria: 44, Regime:
Integral

Universidade do Vale do Rio dos Sinos - UNISINOS

Vinculo institucional
2010 - Atual Vinculo: Professor Convidado , Enquadramento funcional:

Professor Convidado, Regime: Parcial

Emporio Body Store - BODY STORE

Vinculo institucional
2003 - 2004 Vinculo: Consultor , Enquadramento funcional: Consultoria
para P&D de cosméticos , Carga horaria: 8, Regime: Parcial

Riopasa Importadora de Medicamentos LTDA - RIOPASA

Vinculo institucional
2005 - 2006 Vinculo: Empregado , Enquadramento  funcional:
Responsével Técnico , Carga horéria: 44, Regime: Integral

Medicor Produtos Hospitalares - MEDICOR

Vinculo institucional

2005 - 2006 Vinculo: Empregado Enquadramento  funcional:
Responsavel Técnica , Carga horaria: 8, Regime: Parcial

Areas de atuacio

1. Biologia Celular e Molecular

2. Genética

3. Homeopatia

4, Farmacognosia

5. Controle de Qualidade

6. Farmacologia

Idiomas

Inglés Compreende Bem , Fala Bem , Escreve Bem, L& Bem

Espanhol Compreende Razoavelmente , Fala Pouco , Escreve Pouco , Lé

Razoavelmente
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Francés Compreende  Razoavelmente , Fala Razoavelmente , Escreve
Razoavelmente , Lé Razoavelmente

Prémios e titulos

2009 Prémio Golden Leaf: A Planta Piloto Industrial sob o enfoque de um
Grupo Multifuncional, Souza Cruz S.A. uma empresa do grupo British
American Tobacco

Producéao

Producéao bibliografica
Artigos completos publicados em periddicos

1. MONTANHA, J., RATES, S., PROVENSI, G., DRESCH, A. P., MENDEZ, A., RECH, S.,
VARGAS, C., GERMANI, J., STEPPE, M., HEINECK, I., CHAVES, C., LIMBERGER, Renata,
ARIGONY, A. L. V., PETERSEN, R., VIERA, S., SPALDING, S., OPPE, T., COSTA, T.D.

A Iniciagdo Cientifica na Faculdade de Farmécia da Universidade Federal do Rio Grande do
Sul. Caderno de Farmécia. , v.21, p.89 - 93, 2005.

2. ARIGONY, A. L. V., MILAO, D.
Homeopatia: uma alternativa de tratamento para animais de producdo. Revista Afargs. , v.18,
p.4 -7, 2004.

Trabalhos publicados em anais de eventos (resumo)

1. ARIGONY, A. L. V., Joao Antonio Pegas Henriques, MILANO, L.
Avaliacdo do Efeito do Micronutriente Ferro (Fe) na Viabilidade Celular e Estabilidade
Genbmica de Culturas Celulares de Fibroblasto Pulmonar (MRC5) e Hepatocarcinoma
(HepG2) In: XIV Semana do PPGBCM, 2012, Porto Alegre.

Caderno de Resumos da XIV Semana do PPGBCM. , 2012.

2. ARIGONY, A. L. V., LIMA, M., SCHULER, G., JUCHEM, A., TRINDADE, C., Diana Bordin,
MACHADO, M., Daniel Pra, Joao Antonio Pegas Henriques
Avaliacéo da Influéncia de Meio de Cultura Suplementado com Ferro na Viabilidade Celular e
na Estabilidade Genémica das Linhagens Mrc5 & HepG2 In: XIIl Reunido Anual do Programa
de Pés-Graduacao em Biologia Celular e Molecular da UFRGS, 2011, Porto Alegre.

Livro de Resumos da XlIl Reunido Anual do PPGBCM. , 2011.

3. LIMA, M., MACHADO, M., Diana Bordin, Daniel Pra, ARIGONY, A. L. V., Joao Antonio
Pegas Henriques
Avaliacéo da Viabilidade e Proliferacdo Celular nas Linhagens HepG2 e MRC5 em Cultura
Suplementada com Ferro In: Xl Reunido Anual do Programa de Po6s-Graduacdo em
Biologia Celular e Molecular da UFRGS, 2011, Porto Alegre.

Livro de Resumos da Xlll Reunidao do PPGBCM. , 2011.

4. ARIGONY, A. L. V., JAEGER, C., Diana Bordin, Daniel Pr4, Joao Antonio Pegas
Henriques
Influéncia de Ferro Inorgénico e holo-Transferrina na Viabilidade e Estabilidade Genémica de
Culturas Celulares In: XIl Reuniao Anual do Programa de Pos-graduagdo em Biologia Celular
e Molecular do Centro de Biotecnologia da UFRGS, 2010, Porto Alegre.

Livro de Resumos PPGBCM. , 2010.
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5. ARIGONY, A. L. V., Daniel Pra, Diana Bordin, Manoela Peletti-Figueir6, Daniel Marinovic,

Luiza Moreira, Ana Paula Franco Lambert, Diego Bonatto, Denise Cantarelli Machado, Joao

Antonio Pegas Henriques

Influéncia de ferro inorganico na proliferacdo e na estabilidade gendmica de células de

medula 6ssea humana in vitro In: Xl Reunido Anual do Programa de Pés-graduagcdo em

Biologia Celular e Molecular do Centro de Biotecnologia da UFRGS, 2009, Porto Alegre.
Livro de Resumos PPGBCM. , 2009.

6. ARIGONY, A. L. V., ZUANAZZI, J. A., MENEZES, F., ALMEIDA, A. C.
Atividade Antioxidante de Extratos Etandlico e Butandlico de Bauhinia forficata Link In: VIII
Simposio Argentino y Xl Simposio Latino Americano de Farmacobotanica, 2004, Buenos
Aires.

VIl Simposio Argentino y XI Simposio Latino Americano de Farmacobotéanica. , 2004.
p.70 - 70

7. ARIGONY, A. L. V., HENRIQUES, A., CHAVES, C., SUYENAGA, E., ZUANAZZI, J. A,,
APEL, M., MAHMUD, N., KERBER, V.
Flavondides e Terpendides de Heterothalamus psiadioides Less In: Congresso italo-Latino-
Americano de Etnomedicina Nuno Alvares Pereira, 2003, Rio de Janeiro.

XIl Congresso italo-Latino-Americano de Etnomedicina Nuno Alvares Pereira. , 2003.
p.162 - 162

Apresentacdo de trabalho e palestra

1. ARIGONY, A. L. V., Joao Antonio Pegas Henriques, MILANO, L., CHIELA, E., LENZ, G.
Avaliacédo do Efeito do Micronutriente Ferro (Fe) na Viabilidade Celular e Estabilidade
Genbmica de Culturas Celulares de Fibroblasto Pulmonar (MRC5) e Hepatocarcinoma
(HepG2), 2012. (Congresso,Apresentacdo de Trabalho)

2. ARIGONY, A. L. V., LIMA, M., SCHULER, G., Diana Bordin, MACHADO, M., Daniel Pra,
Joao Antonio Pegas Henriques

Efeitos da Suplementacdo com Ferro na Viabilidade Celular e Genotoxicidade em
Linhagens - HepG2 e MRC5, 2011. (Congresso,Apresentacéo de Trabalho)

3. ARIGONY, A. L. V., Ana Paula Franco Lambert, Moura, D., Mariana Lemos, Silva, J.A.S.,
Lambert, B.F., Lubianca, J., Diego Bonatto, Denise Cantarelli Machado, Joao Antonio Pegas
Henriques

Genotoxicity of Neuronal Induction in Adipose Derived Stem Cells in vitro, 2009.
(Congresso,Apresentacdo de Trabalho)

4. ARIGONY, A. L. V., Daniel Pra, Ana Paula Franco Lambert, Diana Bordin, Daniel
Marinovic, Manoela Peletti-Figueird, Luiza Moreira, Diego Bonatto, Denise Cantarelli
Machado, Joao Antonio Pegas Henriques

Influéncia de ferro inorganico na proliferac@o e na estabilidade genémica de células de
medula 6ssea humana in vitro, 2009. (Congresso,Apresentacdo de Trabalho)

5. ARIGONY, A. L. V., MILAO, D.
Homeopatia: uma alternativa de tratamento para animais de producdo, 2003.
(Outra,Apresentacéo de Trabalho)

6. ARIGONY, A. L. V., CARNEIRO, M. C.
O pH em graficos. Equiligraphs: uso de planilhas de calculo no estudo do equilibrio
ibnico em solucgéo, 2000. (Outra,Apresentacédo de Trabalho)
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Educacéo e Popularizacao de C&T

Trabalhos publicados em anais de eventos (resumo)
1. ARIGONY, A. L. V., Joao Antonio Pegas Henriques, MILANO, L.
Avaliacdo do Efeito do Micronutriente Ferro (Fe) na Viabilidade Celular e Estabilidade
Genbmica de Culturas Celulares de Fibroblasto Pulmonar (MRC5) e Hepatocarcinoma
(HepG2) In: XIV Semana do PPGBCM, 2012, Porto Alegre.

Caderno de Resumos da XIV Semana do PPGBCM. , 2012.
Apresentacéo de trabalho e palestra
1. ARIGONY, A. L. V., Joao Antonio Pegas Henriques, MILANO, L., CHIELA, E., LENZ, G.
Avaliacdo do Efeito do Micronutriente Ferro (Fe) na Viabilidade Celular e Estabilidade
Gendmica de Culturas Celulares de Fibroblasto Pulmonar (MRC5) e Hepatocarcinoma
(HepG2), 2012. (Congresso,Apresentacdo de Trabalho)
Participacdo em eventos, congressos, exposicdes, feiras e olimpiadas
1. Cell Culture as Alternative Model for Animal Experimentation, 2012. (Outra)

2. X Cell Stress Society International Workshop on the Molecular Biology of Stress
Responses,, 2012. (Simpdsio)

Orientacfes e supervisdes

Orienta¢des e supervisdes concluidas
Trabalhos de concluséo de curso de graduacgao

1. Paulo Eduardo Colling. Revisé@o Bibliografica de Echinodorus macrophyllus. 2003.
Curso (Farmacia) - Universidade Federal do Rio Grande do Sul

Iniciagao cientifica
1. Camila Jaeger. Influéncia de Ferro Inorganico e Transferrina na Viabilidade de

Culturas Celulares. 2010. Iniciagdo cientifica (Biologia) - Pontificia Universidade Catdlica do
Rio Grande do Sul

Eventos
Participacdo em eventos

1. Programa de Gestdo Empresarial - Fundacdo Dom Cabral/Souza Cruz, 2012. (Outra)

2. X Cell Stress Society International Workshop on the Molecular Biology of Stress
Responses,, 2012. (Simpdsio)

3. Cell Culture as Alternative Model for Animal Experimentation, 2012. (Outra)

4. Apresentacdo de Poster / Painel no(a) Xlll Reunido Anual do Programa de Poés-
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Graduacédo em Biologia Celular e Molecular da UFRGS, 2011. (Outra)
Avaliacdo da Influéncia de Meio de Cultura Suplementado com Ferro na Viabilidade Celular e
na Estabilidade Genémica das Linhagens Mrc5 & HepG2.

5. Apresentacéo Oral no(a) Il Congresso Sul de Toxicologia Clinico-Laboratorial, 2011.
(Congresso)

Efeitos da Suplementacdo com Ferro na Viabilidade Celular e Genotoxicidade em Linhagens
- HepG2 e MRCS5.

6. Curso Sinalizagdo Celular no Cancer ministrado pelo LabSinal UFRGS, 2011. (Outra)
7.57 Congresso Brasileiro de Genética, 2011. (Congresso)
8. Il Reunido Brasileira de Citogenética, 2011. (Outra)

9. Curso Aprendendo Citogenética Classica: Rotina dos Procedimentos in vitro, 2011.
(Outra)

10. Curso Mutagénese Ambiental: biomonitores e biomarcadores, 2011. (Outra)
11. Curso Técnicas para estudar instabilidade genética em células, 2011. (Outra)

12. Apresentacdo de Poster / Painel no(a) XIl Reunido Anual do Programa de POs-
graduacdo em Biologia Celular e Molecular do Centro de Biotecnologia da UFRGS,
2010. (QOutra)

Influéncia de Ferro Inorgénico e holo-Transferrina na Viabilidade e Estabilidade Genémica de
Culturas Celulares.

13. Curso Conducéo Eficaz de Auditorias, 2010. (Outra)

14. International Conference on Nutrigenomics and 10th International Conference on
Mechanisms of Antimutagenesis and Anticarcinogenesis, 2010. (Congresso)

15. Apresentacdo de Poster / Painel no(a) IX Congresso Brasileiro da SBMCTA, 2009.
(Congresso)

Influéncia de Ferro Inorganico na Proliferacdo e na Estabilidade Gen6mica de Células de
Medula Ossea Humana in vitro.

16. Apresentacdo de Poster / Painel no(a) XI Reunido Anual do Programa de P4s-
graduacdo em Biologia Celular e Molecular do Centro de Biotecnologia da UFRGS,
2009. (Outra)

Influéncia de ferro na proliferacdo e na estabilidade genémica de células de medula éssea
humana in vitro.

17. Curso de Biosseguranca - IPB/PUCRS, 2009. (Outra)

18. Curso de Epigenética e Mutagénese ministrado no IX Congresso Brasileiro da
SBMCTA, 2009. (Outra)

19. Mini-Curso de Citogenética aplicada a mutagénese e analise de genotoxicidade,
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2009. (Outra)

20. XVIII Congresso Mundial de Epidemiologia/ VII Congresso Brasileiro de
Epidemiologia, 2008. (Congresso)

21. Course on Epidemiologic Methods and New Directions, 2008. (Seminario)

22. Conferencista no(a) O Farmacéutico como pesquisador na area fumageira, 2007.
(Outra)
O Farmacéutico como pesquisador na area fumageira.

23. Jornada Farmacéutica, 2007. (Encontro)
24. NBR ISO/IEC 17025:2005, 2007. (Outra)

25. NBR I1SO 9001, NBR ISO 14001:2004, OHSAS 18001:1999 e Legislacdo Ambiental,
2007. (Outra)

26. IV Workshop de Analistas de Residuos de Agrotéxicos do Estado do RS, 2007.
(Simpésio)

27. Conferencista no(a) Entidades Farmacéuticas, 2006. (Outra)
Apresentando a Associacao dos Farmacéuticos do Rio Grande do Sul (AFARGS).

28. Curso Mercado de produtos cosméticos e diretrizes para criagdo de empresas,
2006. (Outra)

29. Apresentacéo de Poster / Painel no(a) VIII Simposio Argentino y Xl Simposio Latino
Americano de Farmacoboténica, 2004. (Simpdésio)
Atividade Antioxidante dos Extratos Etandlico e Butanoélico de Bauhinia forficata Link.

30. Moderador no(a) XXX Semana Académica de Estudos Farmacéuticos, 2004.
(Simpésio)
Mesa Redonda - Panorama da Pesquisa na Faculdade de Farmacia.

31. VIl Simposio Argentino y Xl Simposio Latino Americano de Farmacoboténica,
2004. (Simpdsio)
32. XVIl Férum da Liberdade, 2004. (Encontro)

33. Strategy in the search of bio-active plants contituents, 2004. (Outra)

34. Apresentacdo de Poster / Painel no(a) XII Congresso italo-Latino-Americano de
Etnomedicina "Nuno Alvares Pereira", 2003. (Congresso)
Flavonoides e Terpendides de Heterothalamus psiadioides Less..

35. Apresentacdo Oral no(a) VIl Semana Académica da Faculdade de Farméacia PUCRS,
2003. (Outra)
Homeopatia: uma alternativa de tratamento em animais de producéo.
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36. Forum Social Mundial, 2003. (Encontro)
37. VIl Semana Académica da Faculdade de Farmacia da PUCRS, 2003. (Outra)

38. Curso de Introducdo a Homeopatia na Clinica de Pequenos e Grandes Animais,
2003. (Outra)

39. Curso Pré-congresso: Metodologia de Estudo em Etnobotanica e
Etnofarmacologia, 2003. (Congresso)

40. Palestra Marketing em Farmécia de Manipulagéo, 2002. (Outra)
41. Palestra Controle de Qualidade em Farmécia de Manipulagéo, 2002. (Outra)

42. Moderador no(a) VI Semana Académica da Faculdade de Farmécia da PUCRS, 2001.
(Outra)
Mesa Redonda - A Participagdo do Farmacéutico no Hospital.

43. VI Semana Académica da Faculdade de Farmacia, 2001. (Outra)

44. Workshop de equinos "O futuro do cavalo de esporte", 2001. (Outra)

45. Apresentacgdo Oral no(a) XII Saldo de Iniciacdo Cientifica da UFRGS, 2000. (Outra)
Equiligraphs: Uso de planilhas de célculo no estudo do equilibrio ibnico em solucéo.

46. Apresentacao de Poster / Painel no(a) | Saldo de Iniciacdo Cientifica da PUCRS, 2000.
(Outra)

O Ph em gréficos. Equiligraphs: Uso de planilhas de calculo no estudo do equilibrio i6nico em
solucéo..

47. Curso Formulagdes Dermatologicas: da matéria prima ao produto final, 2000.

(Outra)

48. IX Encontro Estadual de Farmacéuticos e Bioquimicos, VIl Congresso Catarinense
de Farmacéuticos e Bioquimicos e | Encontro de Farmacéuticos e Bioquimicos do
Mercosul, 2000. (Congresso)

49. | Simpd6sio de Manipulagcao Veterinéaria, 2000. (Simpdsio)

50. Curso "O Papel do Farmacéutico na Promocéo do Uso Racional de Medicamentos”,
1999. (Outra)

51. VIl Encontro Estadual de Farmacéuticos e Bioquimicos, VI Congresso Catarinense
de Farmacéuticos e bioquimicos, 1999. (Congresso)

52. lll Semana da Faculdade de Farméacia da PUCRS, 1998. (Encontro)
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Bancas
Participacdo em banca de trabalhos de concluséao

Curso de aperfeicoamento/especializacdo

1. ARIGONY, A. L. V.

Participagdo em banca de Carolina Ubal e Renata Puntel. "Emprego dos inibidores da
bomba de prétons no tratamento de refluxo gastroessofagico”, 2006

(Farmacia) Pontificia Universidade Catélica do Rio Grande do Sul

2. ARIGONY, A. L. V.

Participacdo em banca de Ana Claudia Saling e Ariane Rodrigues Sallaberry. "Fluconazol e
Itraconazol na Candidiase Vulvovaginal", 2006

(Farmécia) Pontificia Universidade Catélica do Rio Grande do Sul

3. ARIGONY, A. L. V.

Participagdo em banca de José Gilberto e Rafael da Fonseca. "Omeoprazol nas Patologias
Gastricas", 2006

(Farmacia) Pontificia Universidade Catélica do Rio Grande do Sul

4. ARIGONY, A. L. V.

Participagdo em banca de Katiane Cella e Tatiana Paveglio. "Osteoartrose: uma revisao
sobre patologia e tratamento”, 2006

(Farmacia) Pontificia Universidade Catdlica do Rio Grande do Sul

5. ARIGONY, A. L. V.

Participagdo em banca de Aline Cecilia e Débora Brandado. "Tratamento de Ulceral venosa
com formulagdes transdérmicas manipuladas", 2006

(Farmacia) Pontificia Universidade Catélica do Rio Grande do Sul

Graduacéo

1. ARIGONY, A. L. V.

Participagdo em banca de Tatiana Costa Copat. "Fontes de célcio como suplemento
dietético, 2007

(Farmacia) Pontificia Universidade Catélica do Rio Grande do Sul

2. ARIGONY, A. L. V.

Participagdo em banca de Rodrigo Seibt. Determinacdo do Teor de Metilxantinas em
Amostras de Guarana, erva-mate, ché-preto e cha-verde, 2003

(Farmacia) Universidade Federal do Rio Grande do Sul

Outras informagdes relevantes

1 Experiéncia Pratica em Consultoria, Assessoria, Pesquisa e Desenvolvimento em
IndUstria de Cosméticos; Experiéncia em Importadora e Distribuidora de produtos para a
salde e medicamentos, Autorizacdo de Funcionamento, Registros junto ao Ministério da
Saude, Visas municipais e estaduais, Regulamentacdo junto ao Conselho Regional de
Farmacia; Segundo lugar em Concurso Publico para vaga de Professor Substituto da
disciplina de Farmacotécnica Homeopatica na UFRGS. Atuacgdo na area de Scientific Affairs
de Industria Fumageira.



