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RESUMO 
  

Polissacarídeos sulfatados (PSs) são compostos encontrados principalmente 

em animais e em algas marinhas. Eles apresentam uma diversidade de atividades 

biológicas e farmacológicas, inclusive antitumoral, antiviral e antioxidante. Alguns 

desses PSs, devido a sua atividade quelante de íons metálicos, são capazes de 

proteger células de danos oxidativos quando estas são expostas a íons de cobre ou 

ferro na presença de ascorbato. Os PSs de algas marinhas, apesar de também 

apresentarem atividade quelante de íons metálicos, ainda não foram avaliados como 

agentes protetores celulares contra danos oxidativos. Apesar da alga verde Udotea 

flabellum ser encontrada facilmente no estado do Rio Grande do Norte, seus PSs 

ainda não foram estudados. Portanto, nesse trabalho, os PSs dessa alga foram 

extraídos por meio de proteólise e fracionados com acetona, o que originou seis 

frações ricas em PSs: UF-0.3; UF-0.5; UF-0.6; UF-0.7; UF-1.0; UF-2.0. Análises 

química e eletroforéticas confirmaram que seus PSs são heterogalactanas 

sulfatadas. No tocante ao ensaios celulares, verificou-se que nenhuma das frações 

afetou a capacidade das células 3T3 (fibroblastos murínicos) em reduzir o brometo 

de 3-(4,5-dimetiltiazol-2-il)-2,5-dipheniltetrazolium (MTT), ou influenciou a 

proliferação dessas células. As frações UF-0.3 e UF-1.0 apresentaram contaminação 

com proteínas e por isso não foram avaliadas em demais testes. Já as outras 

frações apresentaram atividade quelante de ferro e, principalmente, de cobre. 

Quando as células foram expostas as frações e aos íons ferroso ou cuproso, na 

presença de ascorbato verificou-se que todas elas protegeram as células de danos 

oxidativos induzidos por esses agentes. As frações diminuíram os níveis de 

peroxidação lipídica e a quantidade de células mortas por apoptose, bem como, 

impediram quedas bruscas nos níveis de superóxido dismutase e, principalmente, da 

glutationa quando as células foram expostas ao estresse oxidativo. A fração mais 

efetiva como protetora dos danos cusados pelo íon ferroso foi UF0.7, já no caso do 

íon cuproso, a fração UF-2.0 foi a mais efetiva. Os dados aqui apresentados indicam 

o potencial dos PSs de algas como agentes protetores de danos oxidativos causado 

por estes íons metálicos. 

 

Palavras chave: galactanas sulfatadas; fibroblastos 3T3; alga verde 
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ABSTRACT 

 
Sulfated polysaccharides (SPs) are compounds found primarily in animals and 

seaweed. They present a diversity of biological and pharmacological activities, 

including antitumor, antiviral, antioxidant. The major animal SPs are 

glycosaminoglycans, some of these polysaccharides, due to their metal chelating 

activity, can protect cells from oxidative damage when they are exposed to copper 

or iron and ascorbate. Seaweed SPs, although they also present metal chelating 

activity, have not yet been evaluated in this sense. In the state of Rio Grande do 

Norte the green seaweed Udotea flabellum is found easily. In this work, the SPs of 

this seaweed were extracted through proteolysis and fractionated with acetone, 

which gave rise to six SP-rich fractions (UF-0.3, UF-0.6, UF-0.7, UF- 2.0). The SPs 

of this seaweed are sulfated heterogalactans, which was confirmed by chemical and 

electrophoretic analysis. All fractions nether affect the ability of 3T3 cells to reduce 

3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium (MTT) bromide, nor did they 

affect the proliferation of these cells. The fractions UF-0.3 and UF-1.0 showed 

contamination with proteins and therefore were not evaluated in other tests. The 

other fractions showed iron and copper chelating activity. When cells were exposed 

to iron and ascorbate and fractions it was found that all fractions protected the cells 

from oxidative damage. The fractions decreased the levels of lipid peroxidation and 

the number of dead cells by apoptosis, as they prevented abrupt declines in the 

levels of glutathione and superoxide dismutase within the cells exposed to oxidative 

stress. The most effective fractions were UF0.7, when the cells were exposed to 

iron and ascorbate, and in the case of copper and ascorbate, the most effective 

fraction was UF-2.0. The data presented here indicate the potential of seaweed 

SPS as protective agents for oxidative damage caused by metals (iron and copper). 

 

 

Keywords: sulfated galactan; 3T3 fibroblasts; green seaweed 
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1 INTRODUÇÃO 
  

 Quando se usa o descritor “oxidative stress” na plataforma de busca PubMed 

se identifica o ano de 1961 como sendo aquele em que se teve os dois primeiros 

artigos científicos que usam o conceito relacionado com esse termo.1 Porém, 

apenas em 1985 a concepção do significado desse termo foi introduzida na 

literatura médica e biológica relacionada.2 O conceito mais atual sobre esse termo 

é: estresse oxidativo é um desequilíbrio entre os oxidantes e antioxidantes em favor 

dos primeiros, levando a ruptura da sinalização redox (reações de oxirredução) e a 

danos moleculares.3 O estresse oxidativo pode variar em quatro níveis: o estresse 

oxidativo basal; leve; médio; e o de alta intensidade. Em todos esses níveis, danos 

celulares podem ser causados, principalmente pelas espécies reativas que surgem 

no decorrer do processo.4 

As espécies reativas ao reagir com as unidades formadoras do DNA, podem 

altera-las, o que consequentemente, caso não haja reparo, pode gerar mutações. 

Com as proteínas, estas espécies podem modificar ou abolir as suas funções, pois 

oxidam grupos sulfidrilas (SH-), levando assim, alterações estruturais das 

proteínas. No caso de lipídeos, essas espécies podem levar a oxidação de ácidos 

graxos poli-insaturados, inclusive aqueles presentes nos lipídeos de membranas 

celulares (lipoperoxidação), modificando suas estruturas e funções.5 Além disso, o 

produto da lipoperoxidação, o malondialdeído (MDA), é mutagênico.5, 6 Devido a 

essa alta reatividade, espécies reativas, de maneira direta ou indireta, estão 

relacionados a doenças neurodegenerativas como mal de Parkinson, mal de 

Alzheimer, doença de Huntington e esclerose amiotrófica lateral,7 além de ter 

correlações com diabetes tipo 2, aterosclerose,8,9 doenças inflamatórias, 

envelhecimento e câncer.5 

O metabolismo celular pode formar espécies reativas derivadas do enxofre 

(RSS), do cloro (RCS), do nitrogênio (RNS), e do oxigênio (ROS), sendo as ROS 

as mais importantes no tocante aos danos causado por espécies reativas.5 O íon 

superóxido (O2
•-), o peroxido de hidrogênio (H2O2), o oxigênio singlete são 

exemplos de ROs. Contudo, é o radical hidroxila (•OH) a ROS mais danosa, por ter 

meia-vida mais curta, e ser muito reativa. Ele é formado intracelularmente por 

intermédio de duas reações: reação de Haber-Weiss e reação de Fenton (Figura 1) 

que por sua vez, só ocorrem na presença de íons de ferro ou de cobre.10 
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  Os íons de Ferro e cobre são dois dos íons mais abundantes no corpo 

humano. O ferro é encontrado principalmente como componente de proteínas, 

tanto de grupo heme, como hemoglobina e mioglobina, como em grupos não-heme, 

tais como a enzimas ferro-flavinas, transferrina e ferritina.11 O cobre também está 

diretamente relacionado com atividade de enzimas, atuando como cofator e como 

componente alostérico enzimático.12 Os dois metais estão envolvidos em 

transferência de elétrons e reações de oxi-redução inerentes a diversos processos 

metabólicos no organismo, como por exemplo produção de energia, fagocitose, 

regulação do crescimento celular, sinalização e síntese de diversas moléculas 

importantes.13  

 

 

Figura 1. Reações de produção de radicais hidroxila. (a) Reação de Fenton em 

duas etapas (b) Reação de Haber-Weiss. As espécies reativas do oxigênio (ROS) estão 

destacadas em vermelho. Fonte: Autoria própria. 

 

 Mesmo estes metais sendo fundamentais para o corpo humano, quando em 

excesso podem causar diversos malefícios. O íon ferroso em quantidade 

suprafisiológica está relacionado com alterações deletérias no coração, pâncreas e 

principalmente fígado, podendo levar a quadros de cirrose, carcinoma 

hepatocelular, diabetes, artrite e cardiomiopatia, como visto em pacientes, com 

hemocromatose de longa data, não tratados.14 Quando em excesso, o cobre 

também traz prejuízos à saúde, como ocorre em portadores da doença de Wilson, 

distúrbio autossômico recessivo, que resulta em alterações hepáticas, neurológicas 

e psíquicas.14 Muito da fisiopatologia dessas doenças está relacionada com o fato 

dos íons ferroso e cuproso participarem da síntese de ROS, em especial do radical 

hidroxila.15 

 Em casos em que seja necessário tratamento medicamento, se usa quelantes 

de cobre como D-penicilamina, trietilenotetramina. Porém, esses fármacos são 
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nefrotóxicos, não podem ser utilizados com pacientes que possuem lúpus; a 

penicilamina ainda pode causar anemia aplásica, trombocitopenia e/ou 

leucopenia.16 No caso do ferro, também se usa alguns quelantes, como mesilato de 

desferroxamina e deferiprona. Todavia, esses fármacos podem causar 

trombocitopenia, leucopenia, gastroenterite, rash cutâneo, artralgia e mialgia.17 

Esse quadro gera sempre a busca por novos compostos que possam vir a substituir 

os fármacos atuais. 

Quelantes de metais podem ser incluídos na classe dos compostos 

antioxidantes, já que um antioxidante deve apresentar uma ou mais das seguintes 

propriedades: ser capaz de sequestrar radicais livres, quelar metais de transição, 

interagir com outros antioxidantes, ser prontamente absolvido, ter uma 

concentração relevante em tecidos e biofluídos e atuar tanto em soluções aquosas 

como em domínios de membrana celular.18 

Os polissacarídeos sulfatados (PSs) podem ser compostos antioxidantes por 

atuarem em diversos mecanismos,19 Inclusive como agentes quelantes de 

metais.19,20,21 Um dos primeiros trabalhos que relata esta atividade como importante 

para PSs evitarem danos aos organismos foi publicado por Albertine e 

colaboradores  em 1997.22 Estes autores mostraram que o condroitin-4-sulfato inibe 

a oxidação de liproteinas de baixa densidade (LDL). Bem como, evidenciaram que 

este foi um efeito dependente da estrututa do PSs, já que o condroitim-6-sulfato 

não foi capaz de fazer isso. Posteriormente, foi demonstrado que o condroitin-4-

sulfato é quelante de metais, e que dentre os vários PSs avaliados por esses 

autores, foi o único capaz de proteger celulas em cultura contra danos oxidativos 

causados pelo cobre, ferro, e H2O2.
23 

Outros PSs conhecidos por apresentarem atividade quelante de metal são 

aqueles encontrados em algas marinhas.24 Estes organismos podem ser 

agrupados em três difentes taxons e os PSs sintetizados por cada taxon são 

diferentes: aqueles que contem fucose sulfatada (fucanas ou fucoidans) são 

sintetizados pelas algas marrons;25  homogalactanas sulfatadas (carragenanas e 

agaranas) são sintetizadas pelas algas vermelhas.26,27 Já as algas verdes 

sintetizam uma meríade de hetero e homopolissacarídoes sulfatados (ulvanas, 

ramnanas, galactanas e arabinogalactanas).28 Contudo, deve-se levar em conta 

que cada alga sintetiza pelo menos um tipo de polissacarídeo que estruturalmente,  

lhe é exclusivo, não sendo encontrado em mais nenhum ser vivo.29 Além disso, as 
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quantidades e os tipos PSs presentes nas algas também variam de acordo com a 

estação do ano, idade da alga, e localização geográfica.30 

Vários estudos mostram fucoidans como agentes que protegem células do 

estresse oxidativo causado pela exposição dessas a H2O2,
31,32,33 ou a altas 

concentrações de monossacarídeos.34 Todavia, diferente do que se observou com 

PSs de animais, não se identifica artigos em que a atividade quelantes de metais 

dos PSs de algas foi avaliada no tocante a capacidade desses em proteger células 

de danos causados por íons de ferro ou cobre, por exemplo. 

A alga verde Udotea flabellum (J.Ellis & Solander) M.Howe 1904 (Figura 2) 

tem como sinonimia os nomes Corallina flabellum J.Ellis & Solander 1786, Udotea 

flabellata J.V.Lamououx 1816 e Udotea halimeda Kützing 1849. Ela é encontrada 

em várias partes do globo, como Austrália, Estados Unidos, Cuba e outras ilhas 

caribenhas e Argentina. No Brasil, ela ocorre ao longo de todo o seu litoral.35 

Apesar dessa ampla distribuição há poucos artigos cientificos sobre essa alga. No 

tocante a seu PSs, há apenas um artigo sobre esse tema.36 Foi demonstrado que a 

U. flabellum sintetiza galactanas sulfatadas. Porém esses polímeros apresentam 

uma peculariedade em relação a outras galactanas sulfatadas, o fato de 

apresentarem grupos sulfatos ligados ao carbono 2 de alguns resíduos de 

galactose. Além disso, elas apresentam resíduos de galactose que também são 

piruvatados (substituição entre o carbanos 4 e 6) ou dissulfatados, no caso, 

também nos carbonos 4 e 6.36  
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O grupo de pesquisa em que se insere esta dissertação obteve frações ricas 

em galactanas sulfatadas de U. flabellum e demonstrou que estas frações 

apresentam atividade anticoagulantes, bem como atividade antioxidante, inclusive 

atividade quelante de metal.37 Contudo, outras atividades desses PSs ainda não 

foram avaliadas. 

  

   

  

Figura 2: Alga verde Udotea flabellum (J.Ellis & Solander). Fonte: 

http://bermudaconservation.squarespace.com/aquatic-plants-algae/ 
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2 OBJETIVOS 

 

 2.1 Objetivo geral  

 

 Objetivou-se nesse trabalho avaliar o poder protetor das frações ricas em 

polissacarídeos sulfatados da alga U. flabellum frente aos danos oxidativos 

causados por ROS produzidas devido a presença de íons metálicos (ferroso ou 

cuproso) e ascorbato.  

 

 2.2 Objetivo específicos 

 

1. Obter frações ricas em polissacarídeos sulfatados da alga U. flabellum e 

caracteriza-las no tocante ao seu teor de polissacarídeos, sulfato e 

contaminantes proteicos, bem como, com relação a sua composição 

monossacarídica; 

2. Avaliar a atividade antioxidante dessas frações por diferentes métodos in 

vitro; 

3. Avaliar por meio de diferentes métodos in vitro a capacidade dessas 

frações em proteger as células do dano oxidativo causado por ROS 

produzidas devido a presença de íons metálicos (ferroso ou cuproso) e 

ascorbato.  
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3 JUSTIFICATIVA 

 

 Polissacarídeos sulfatados apresentam várias atividades antioxidantes, 

inclusive atividade quelante de metal. Esta por sua vez se mostrou útil no tocante a 

capacidade dos PSs em proteger células contra danos oxidativos. Contudo, PSs de 

algas marinhas, apesar de serem compostos quelantes de metal, ainda não foram 

avaliados como agentes protetores de células frente a condições de estresse 

oxidativo. Dentro desse contexto, tem-se os PSs da alga U. flabellum. Como esses 

PSs apresentaram atividade quelante de ferro e de cobre, hipotetisou-se se esses, 

devido a esta habilidade, seriam capazes de proteger células de danos oxidativos 

causados pelas ROS formadas pela presensa de íons ferroso ou cuproso e 

ascorbato. Portanto, este trabalho foi realizado com intuito de começar a responder 

esta hipótese. 

. 
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4 MÉTODOS 
 

 Os métodos e materiais utilizados para o desenvolvimento dessa dissertação 

estão descritos no capítulo 5. 
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5 ARTIGOS PRODUZIDOS 
 
5.1 O artigo “The Protective Role of Sulfated Polysaccharides from Green 

Seaweed Udotea flabellum in Cells Exposed to Oxidative Damage” foi publicado no 
periódico Marine Drugs, que possui fator de impacto 4.379 (2017) e Qualis A2 / 
2017 da CAPES,  para área de Medicina II. 
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Abstract: Seaweed is a rich source of bioactive sulfated polysaccharides. We obtained six sulfated 

polysaccharide-rich fractions (UF-0.3, UF-0.5, UF-0.6, UF-0.7, UF-1.0, and UF-2.0) from the green seaweed 

Udotea flabellum (UF) by proteolytic digestion followed by sequential acetone precipitation. Biochemical 

analysis of these fractions showed that they were enriched with sulfated galactans. The viability and 

proliferative capacity of 3T3 fibroblasts exposed to FeSO4 (2 µM), CuSO4 (1 µM) or ascorbate (2 mM) was not 

affected. However, these cells were exposed to oxidative stress in the presence of FeSO4 or CuSO4 and 

ascorbate, which caused the activation of caspase-3 and caspase-9, resulting in apoptosis of the cells. We also 

observed increased lipid peroxidation, evaluated by the detection of malondialdehyde and decreased 

glutathione and superoxide dismutase levels. Treating the cells with the ultrafiltrate fractions (UF) fractions 

protected the cells from the oxidative damage caused by the two salts and ascorbate. The most effective 

protection against the oxidative damage caused by iron was provided by UF-0.7 (1.0 mg/mL); on treatment 

with UF-0.7, cell viability was 55%. In the case of copper, cell viability on treatment with UF-0.7 was ~80%, 

but the most effective fraction in this model was UF-2.0, with cell viability of more than 90%. The fractions, 

mainly UF-0.7 and UF-2.0, showed low iron chelating activity, but high copper chelating activity and total 

antioxidant capacity (TAC). These results suggested that some of their protective mechanisms stem from 

these properties. 

                                                                   

1
 . Introduction 

Copper and iron are two of the most abundant metals in the human body. They play several important 

roles in cellular metabolism. Copper is an essential micronutrient in human nutrition; it is a component of 

metalloenzymes and acts as an electron donor or acceptor, while iron forms complexes with proteins, such as 

flavin-iron enzymes, transferrin, ferritin, myoglobin or hemoglobin (responsible for oxygen transport), and 

with enzymes involved in electron transfer and oxidation-reduction reactions [1]. However, high levels of these 

transition metal ions in the form Cu2+ and Fe2+ are  
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responsible for the production of reactive oxygen species (ROS), which leads to oxidative stress in cells, causing 

cellular damage and diseases. High levels of copper in the body, either by ingestion or genetic predisposition 

(Wilson’s disease and Menkes syndrome), may contribute to mitochondrial dysfunction, subsequently leading 

to the production of ROS and induction of apoptosis. Consequently, several organs may suffer from its toxic 

effects [2]. An excess of iron in the body results in disorders, such as cirrhosis, liver cancer, diabetes, 

arrhythmia, and osteoporosis [3]. The use of chelating agents is always recommended in case of excess of 

physiological copper or iron [4]. However, these agents have several side effects [5]; thus, there is a continued 

search for new chelating agents. 

Campo and colleagues [6] demonstrated that glycosaminoglycans, a group of sulfated polysaccharides 

(SPs), have antioxidant activity and can chelate both Cu++ and Fe++, indicating that these compounds may serve 

as prospective drugs to combat the damaging effects of copper and iron. However, glycosaminoglycans are 

found in small amounts in all their sources, which could make their commercial use difficult. Other SPs are 

found in all seaweeds, and in some species of animals, plants, bacteria, fungi, and other microorganisms [7]. 

However, only seaweeds can synthetize SPs in large quantities. In addition, several SPs from seaweeds showed 

iron chelation activity, which makes seaweeds potential sources of chelating SPs. 

Ulvans, green seaweed-origin SPs from the genus Ulva, showed antioxidant activity in several in vitro 

models [8]. In the present study, we draw attention to the SPs from Ulva pertusa, as they are known to form 

chelates with iron [9]. We have previously demonstrated that SPs from tropical green seaweeds, namely 

Caulerpa cupressoides [10], Caulerpa prolifera and Caulerpa sertularioides [11], have iron chelation activity. 

Green seaweeds synthesize a range of sulfated homo- [12] and heteropolysaccharides [13]. These SPs 

have distinct chemistries and functions without parallelism in other organisms. This uniqueness results in the 

low degree of redundancy in the structure and mechanism of action of SPs, 

which has in turn resulted in renewed interest in the recognition of green seaweeds as novel sources of SPs 

[14]. However, there are fewer studies on SPs of green algae compared to those on other types of seaweed. 

Recently, we found that an extract enriched in SPs from another tropical seaweed, Udotea flabellum, 

showed copper chelating activity (unpublished data). This seaweed is found easily on the Brazilian coast, and 

antioxidative properties of polysaccharides from its extracts have not been evaluated to date. Therefore, the 

aim of this study was to obtain SP-rich fractions from U. flabellum and evaluate their potential as protective 

agents in two models of oxidative stress caused by the presence of copper or iron. 

2. Results 

2.1. Chemical Analyses 

We used a low-cost, widely reproducible method, which combined proteolysis and sequential acetone 

precipitation, to obtain six sulfated polysaccharide-rich fractions (named UF-0.3, UF-0.5, UF-0.6, UF-0.7, UF-1.0, 

and UF-2.0) from the green seaweed U. flabellum. The results of the chemical analysis of the fractions and 

their polysaccharide yields are summarized in Table 1. The yield ranged from 4.2% (UF-0.3) to 36.9% (UF-0.5); 

UF-0.3 and UF-1.0 were contaminated with proteins. The sulfate percentage indicated that it was present in all 

fractions. 

Table 1. Chemical composition of polysaccharides extracted from the U. flabellum; Gal: galactose; Xyl: xylose; Man: 

mannose; Gluc: glucose; -Traces; n.d—not detected. 

Sulfated 

Polysaccharides 
Yield 

a 
(%) Sulfate (%) Protein (%) 

 Molar Ratio  

Gal Glu Man Xyl 

UF-0.3 4.20 7.3 ± 0.8 4.9 ± 0.8 1.0 1.1 n.d n.d 

UF-0.5 36.9 18.7 ± 0.8 - 1.0 0.5 - - 

UF-0.6 9.9 10.7 ± 1.2 n.d 1.0 0.4 0.2 - 

UF-0.7 17.7 17.0 ± 1.8 - 1.0 0.4 0.2 - 

UF-1.0 11.5 9.8 ± 0.7 5.6 ± 0.8 1.0 0.7 0.7 0.3 

UF-2.0 19.7 21.5 ± 1.3 n.d 1.0 1.0 1.0 n.d 
a All polysaccharides obtained by acetone precipitation were dried and weighed and total mass of each sample corresponded 

to 100%. 
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In order to confirm whether the sulfate was covalently linked to polysaccharides, we subjected the 

fractions to agarose gel electrophoresis. After the gel was stained with toluidine blue (Figure 1) we found that 

all fractions contained electrophoretically mobile purple colored bands, characteristic to sulfated 

polysaccharides. We observed slight differences in the mobility of the bands of each fraction, and multiple 

bands were observed for some fractions (UF-0.3 and UF-1.0). 

  

Figure 1. Electrophoresis in 0.05 M diaminopropane acetate buffer, pH 9.0, of fractions obtained by acetone 

precipitation. About 5 µL (50 µg) of each polysaccharide was applied in agarose gel prepared in 

diaminopropane acetate buffer and subjected to electrophoresis, as described in methods. Or.—origin. 

Table 1 also shows that galactose and glucose are present in all fractions, but in different proportions. 

Galactose was found to be the predominant sugar in all fractions; therefore, it was chosen as a reference to 

determine the proportion of other sugars. Glucose was found in large proportions in the fractions UF-0.3, UF-

1.0, and UF-2.0. Mannose was not detected in UF-0.3, and its percentage increased with respect to other 

sugars in subsequent fractions reaching the maximum in UF-2.0. Xylose was absent in fractions UF-0.3 and UF-

2.0. 

2.2. Effect of Sulfated Polisaccharides on Cell Viability and Cell Proliferation 

Initially, we evaluated whether sulfated polysaccharides were toxic to 3T3 fibroblast cells. As seen in 

Figure 2A, the polysaccharides, at the proportions determined previously, failed to have any effect on the 

ability of fibroblasts to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). In contrast, 

treatment with cisplatin, which was used as a positive control, caused 3T3 cells to reduce only 27% of the MTT 

molecules. 
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Figure 2. Effect of different concentrations (mg/mL) of sulfated polysaccharides from U. flabellum on the ability 

of fibroblast (3T3) cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (A) and 

incorporate 5-bromo-2-deoxyuridine (BrdU) BrdU (B). NC—negative control composed only of culture medium 

with fetal bovine serum. PC—positive control-culture medium with fetal bovine serum and cisplatin (2 µg/mL). 

Figure 2B shows that the sulfated polysaccharides also did not affect the proliferation of 3T3 cells, as the 

incorporation of 5-bromo-2-deoxyuridine (BrdU) by the cells incubated in the presence of fractions was similar 

with the cells of the negative control group (cells exposed only to medium and fetal bovine serum). 

2.3. Evaluation of SP Chelation Activity 

As UF-0.3 and UF-1.0 showed protein contamination, we did not use these fractions in subsequent 

experiments. 

As seen in Figure 3, all samples had low iron chelating activity (<20%) compared to that of 

ethylenediaminetetraacetic acid (EDTA), used as the positive control. In contrast, the polysaccharides showed 

a dose-dependent effect when copper was used. The most significant chelation (~90%) was observed for UF-

2.0. 
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Figure 3. Copper- and iron-chelating ability of sulfated polysaccharides from U. flabellum. Data are presented as 

means ± standard deviation. Different lowercase letters indicate a significant difference (p < 0.05) between the 

ability of polysaccharides to chelate copper or iron. Ethylenediaminetetraacetic acid (EDTA) was used as the 

positive control, which corresponded to 100% chelating ability (maximum chelating ability was 0.025 and 0.02 

mg/mL in the copper and iron analyses, respectively). 

2.4. Effect of Sulfated Polysaccharides on MTT Reduction in 3T3 Fibroblast Cells 

As Figure 4 shows, the sulfated polysaccharides protected the cells from the action of FeSO4 and CuSO4 -. 

On using FeSO4, UF-0.7 was the only fraction that caused the 3T3 cells to reduce more than 50% of the MTT 

molecules that were present in the culture medium. In contrast, when we used CuSO4, the cells that were 

subjected to the higher concentrations of samples were able to reduce more than 50% of the MTT molecules. 

Notably, fractions UF-0.7 and UF-2.0, (1.0 mg/mL) enabled cells to reduce ~81% and ~95% of the MTT 

molecules, respectively. 

We also exposed the 3T3 cells to FeSO4 (2 µM), CuSO4 (1 µM) or ascorbate (2 mM) and we observed that 

the ability of 3T3 cells to reduce MTT was not affected in any of the conditions evaluated. 

2.5. Effect of Sulfated Polysaccharides on 3T3 Fibroblast Caspase-3 and Caspase-9 

Several studies show that FeSO4 and CuSO4 induce cell death along with ascorbate by promoting the 

activation of caspases. Therefore, we evaluated the activity of capase-3 and caspase-9 from the 3T3 fibroblasts 

that were exposed to FeSO4 and CuSO4, in the absence and presence of sulfated polysaccharides (1 mg/mL). 

Figure 5 shows that the activity of caspase-3 and caspase-9 is very high after the cells have been exposed to 

oxidizing conditions positive control (PC), metal plus ascorbate). Moreover, the presence of polysaccharides 

decreased the activity of both caspases in various conditions. However, polysaccharides were less effective 

when the cells were exposed to FeSO4 than when exposed to CuSO4. 
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Figure 4. Effect of different amounts (mg/mL) of sulfated polysaccharides from U. flabellum on the ability of 

fibroblast (3T3) cells to reduce MTT in the two models of oxidative stress. NC—negative control composed only 

of culture medium with fetal bovine serum. PC—positive control-culture medium with fetal bovine serum, 

FeSO4 or CuSO4, and ascorbate. *** p < 0.001; ** p < 0.01; * p < 0.05 vs. PC. 

  

Figure 5. Effect of different amounts (mg/mL) of sulfated polysaccharides from U. flabellum on caspase-3 and 

caspase-9 activity in 3T3 cells exposed to two models of oxidative stress. O.D.—optical density. NC—negative 

control composed only of culture medium with fetal bovine serum. PC—positive control-culture medium with 

fetal bovine serum FeSO4 or CuSO4 and ascorbate. *** p < 0.001; ** p < 0.01; * p < 0.05 vs. NC. 

When the effect of each fraction was studied individually, the activity of the caspases in fractions UF-0.5, 

UF-0.6, and UF-2.0 in the presence of FeSO4 was about 25% lower than that observed with the PC group. On 

the other hand, the activity of both caspases corresponded to about 50% to that observed in the PC group. 

2.6. Lipid Peroxidation Analysis 

Estimation of malondialdehyde levels was performed to determine the degree of free radical production 

in 3T3 cells (Table 2). The concentration of malondialdehyde found in the cells of the control group was 

approximately 250 mmol/106 cells, and this was considered to be the physiological concentration. These levels 

were about ten times higher in the presence of metals and ascorbate. This indicates that the presence of these 

compounds promoted oxidative damage. 
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Table 2. Evaluation of the protective effect of the polysaccharides on the 3T3 cells exposed to the two models of 

oxidative damage. 

Effect of Sulfated Polysaccharides (1 mg/mL) on Total Glutathione (GS 
Cell) Levels of 3T3 Cells Exposed to Oxidative Damage 

H) (mmol/106 

 FeSO4 CuSO4 

NC  6.78 ± 2.21 7.01 ± 2.11  

PC 2.37 ± 0.60 a 2.47 ± 0.43 a 
UF-0.5 3.63 ± 0.61 b 4.71 ± 1.01 c 
UF-0.6 4.18 ± 0.98 c 4.52 ± 0.93 c 
UF-0.7 4.75 ± 0.78 c 4.89 ± 1.12 c 
UF-2.0 4.76 ± 1.08 c 5.77 ± 1.08 c 

Effect of Sulfated Polysaccharides (1 mg/mL) on Malondialdehyde (MDA) (mmol/106 cell) Levels of 

3T3 Cells Exposed to Oxidative Damage 
 FeSO4 CuSO4 
 NC 250.1 ± 21.1 217.2 ± 41.7 
 PC 2123.8 ± 99.7 a 2312.1 ± 103.5 a 

UF-0.5 1542.5 ± 123.1 b 1428.5 ± 111.2 b 
UF-0.6 1488.1 ± 209.2 b 15,012 ± 93.9 b 
UF-0.7 1107.0 ± 89.1 c 1001 ± 101.1 c 
UF-2.0 1083.0 ± 56.3 c 987 ± 95.1 c 

Effect of Sulfated Polysaccharides (1 mg/mL) on Total Superoxide Dismutase (SOD) Levels (U/mg 

Protein) of 3T3 Cells Exposed to Oxidative Damage 

 

  FeSO4  CuSO4 

NC 33.5 ± 1.1  31.2 ± 0.9 a  

PC  8.2 ± 2.1 a  10.2 ± 1.1 a 

UF-0.5  11.8 ± 2.1 b  13.9 ± 1.5 b 

UF-0.6  10.9 ± 1.0 b  14.7 ± 1.2 b 

UF-0.7  14.2 ± 0.4 b  20.8 ± 1.5 c 

UF-2.0  15.8 ± 0.7 b  20.9 ± 0.8 c 

 
PC—positive control-culture medium with fetal bovine serum FeSO4 or CuSO4 and ascorbate. a p < 0.001 vs. NC; b p < 0.05; c p < 

0.001 vs. PC. 

When the cells were exposed to FeSO4 or CuSO4 and ascorbate along with the polysaccharides the levels 

of malondialdehyde were significantly lower than those observed in the PC group. The most efficient samples 

to reduce malondialdehyde levels were UF-0.7 and UF-2.0. 

2.7. Assessment of the Cell Antioxidant Status 

The concentration of glutathione (GSH) and Superoxide dismutase (SOD) were assayed in order to 

evaluate antioxidant balance after free radical production (Table 2). The levels of GSH (6.78 ± 2.21 mmol/106 

cell) and SOD (33.5 ± 1.1 mmol/106 cell) found in the control cells were considered physiological. A significant 

reduction in levels of both antioxidants was observed in several experimental conditions, and this effect was 

more pronounced in the PC group. 

When cells were treated with copper, ascorbate, and polysaccharides, we found no significant difference 

in GSH levels between the treated groups and the negative group (NC) group. When cells were exposed to iron, 
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similar results were obtained with UF-0.7 and UF-2.0. This shows that these two fractions prevented a 

decrease in the levels of GSH even when the cells were subjected to oxidative damage. 

The protective effect of polysaccharides was less pronounced in the case of SOD. However, treatment 

with both UF-0.7 and UF-2.0, in the presence of iron or copper, showed decreased levels of this enzyme 

2.8. In Vitro Evaluation of Antioxidant Capacity of Polysaccharides 

The total antioxidant capacity (TAC) test aims to evaluate the ability of a compound to donate electrons to 

another molecule, which stabilizes it. UF-2.0 presented significantly lower TAC than the other samples. The 

other samples presented significantly similar TAC as shown in Figure 6. 

 

Figure 6. Total antioxidant capacity of sulfated polysaccharides-rich fractions from U. flabellum. Data are 

presented as means ± standard deviation. 
a, b 

Different lowercase letters indicate a significant difference (p < 

0.05) between the total antioxidant capacities of samples. 

The polysaccharides at all concentrations tested (from 0.1 to 1.0 mg/mL) did not exhibit any hydroxyl 

radical scavenging activity. In addition, only UF-2.0 exhibited superoxide radical scavenging activity, but this 

activity was 15%, and it was only detected at the highest concentration (1.0 mg/mL). 

The last antioxidant evaluation test we performed was to determine the reducing power of the samples. 

UF-0.5 and UF-2.0 showed activity (~35%), but we only detected this activity at the highest concentration (1.0 

mg/mL). 

3. Discussion 

The data presented in Table 1 indicate that all fractions contained polysaccharides and sulfate. The 

confirmation that sulfate ions were covalently bound to the polysaccharides was achieved by using agarose gel 

electrophoresis, as the free sulfate ions and small sulfated molecules would not be retained in the gel mesh 

[15]. Based on these data, we obtained six sulfated polysaccharide-rich fractions from U. flabellum. 

We obtained the fractions using differential precipitation with acetone, which was due to different 

interaction forces between polysaccharide molecules with water. Therefore, the addition of increasing 

volumes of acetone to the samples is necessary during precipitation. The polysaccharides, which are most 

weakly bound, precipitate with lower concentrations of acetone and those, which are more strongly bound, 

requiring higher concentrations of acetone for precipitation. 

Agarose gel electrophoresis allowed the visualization and verification of the existence of sulfated 

polysaccharides in all fractions. The purple color obtained is typical of SPs due to the interaction of the 

toluidine blue dye with the sulfated group present in the polysaccharides [15]. 

Generally, in agarose gel electrophoresis systems, the mobility of the polysaccharides depends on their 

charges; for example, the more negative ones have greater mobility than the negative ones. However, as 

suggested by Dietrich and Dietrich [15], the use of 1,3-diaminopropane was important for the visualization of 
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different polysaccharide molecules in the fractions. In the pH of the test (9.0) the sulfated polysaccharides 

assume a conformation in which some sulfate groups are exposed and others not. These exposed sulfates react 

with the diamine and their negative charges are quenched. This will induce a change in the conformation of the 

polysaccharide, and new sulfate groups are exposed and, accordingly, will react with the diamine. This process 

continues until equilibrium is reached, and the conformation of the polysaccharide no longer changes. 

However, the polysaccharide, in this conformational equilibrium condition, will still have sulfate groups that did 

not react with the diamine, and it will be these groups that will permit the mobility of the polysaccharide in the 

agarose during the electrophoresis. In short, polysaccharide molecules that have the same structure will have 

the same interaction with the diamine, and consequently have the same electrophoretic motility; whereas, 

structurally different polysaccharides have different electrophoretic mobilities [15]. In Figure 2, the presence of 

multiple bands with different mobilities in some fractions indicated that there are at least two polysaccharides 

in these Udotea fractions. 

The results discussed so far (acetone precipitation, electrophoresis, and monosaccharide composition) 

show that U. flabellum synthesizes more than one type of sulfated polysaccharide. This agrees with reports 

that describe green seaweeds synthesizing more than one type of SP [13]. 

The analysis of the monosaccharide composition showed that all the fractions are heterogeneous, and 

that their main constituent is galactose. The predominance of one or more monomers over others as observed 

in the fractions of the U. flabellum was not surprising, as there are previous reports with data from other 

seaweeds, supporting a similar predominance [16,17]. Moreover, galactose has been described as the main 

component of SPs in other seaweeds, such as Caulerpa cupressoides [10] and Codium isthmocladum [12]. 

Our first objective was to rule out the toxicity of Udotea SPs to fibroblast 3T3 cells. As seen in Figure 2, 

Udotea SPs were not cytotoxic, and did not influence the proliferation of fibroblasts. Therefore, we 

hypothesized these SPs to be putative protective agents under conditions of oxidative stress. Two samples (UF-

0.3 and UF-1.0) were not used due to protein contamination. 

Production of reactive oxygen species leads to oxidative stress in cells, and, consequently, are harmful to 

organisms. In many oxidative stress models, one of the first reactive species of oxygen that is formed in great 

quantity is the superoxide anion. It is considered a reactive primary species, as it can generate reactive 

derivatives by direct interactions with other molecules or by processes catalyzed by metals or enzymes. In 

addition, under conditions of stress, superoxide anions can interact with proteins with iron as a cofactor and 

release iron groups from them [18]. Superoxide anion is a substrate for SOD that transforms it into hydrogen 

peroxide. These two species have a short-lived action. However, they can react with iron or copper through the 

Fenton and Haber-Weiss reactions, 

which leads to formation of the hydroxyl radical (OH•), which is a much more damaging ROS [19]. 

Several studies have demonstrated that the presence of iron or copper sulfate under culture conditions 

promotes oxidative stress. In addition, the presence of ascorbate also contributes to enhance the production 

of the detrimental OH• [6,20]. Therefore, we chose the model of cellular damage in the presence of these two 

salts and ascorbate to evaluate the protective action of Udotea SPs. 

Because the oxidation of a substrate is caused by a reactive species in a chain reaction that includes three 

steps (initiation, propagation, and termination), the action of the antioxidants is evaluated through several 

mechanisms. Chelating agents act in both the initiation and propagation steps. Thus, they are antioxidant 

compounds because they prevent the formation of radicals and thus indirectly reduce the risk posed by 

radicals [9]. 

That is why we evaluated the chelating capacity of Udotea SPs. All SPs showed high copper chelating 

activity, with emphasis on UF-0.7 and UF-2.0 at 1 mg/mL, which presented activities superior to 80% and 90%, 

respectively. SPs from the brown seaweed Undaria pinnatifida also showed high copper chelating activity, but 

this activity was obtained only with high concentration (2.5 mg/mL) [21]. SPs from Dictyopteris justii (brown 

seaweed) also showed iron chelating activity, and one of these polysaccharides had a maximum activity of 

~80% (1 mg/mL) [22]. We have not identified other reports that have evaluated the copper chelating activity of 

SPs from seaweeds. Many reports show a positive correlation between the activity of SPs and their sulfate 

content. We did not identify this correlation with Udotea SPs. Indeed, the copper chelating activity of 

polysaccharides appears to be more related to the conformation of the polysaccharide than to the presence of 
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negatively charged groups, since neutral polysaccharides showed this activity. For example, yeast-neutral 

polysaccharides showed 80% activity when evaluated at concentrations similar to those used in the present 

study [23]. 

This copper chelating activity of Udotea SPS was reflected in cell-based assays. We found that UF-0.7 and 

UF-2.0, which were the most potent chelators, were also the ones that most protected the cells from damage 

caused by oxidative stress. Moreover, as shown in Figure 3, this activity was dose dependent. UF-1.0 contained 

the most potent SPs, which was demonstrated when SPs were used at similar concentrations (Figures 4 and 5, 

and Table 2). 

Campo and colleagues [6] showed that the glycosaminoglycans, hyaluronic acid and chondroitin-4-sulfate, 

protect fibroblastic cells against the damage caused by the presence of CuSO4 and ascorbate. However, when 

we performed the cytotoxicity assay (Figure 4.), the rate of reduction of MTT was 80%, and this was only 

achieved at a concentration of 2.0 mg/mL, which is twice the concentration used with UF-2.0. In addition, with 

UF-2.0, we achieved an MTT reduction rate of over 90%. 

Our results showed that when 3T3 cells were exposed to CuSO4, the levels of caspase-3 (executioner) and 

caspase-9 (initiator) in the cells were very high, corroborating with the MTT test data (Figure 5). This implies 

that the cells under conditions of oxidative damage tend to die by apoptosis. Caspases are a group of proteases 

important for cellular apoptosis to occur. There are initiator caspases and executioner caspases, which are 

activated by the initiator caspases. The activation of caspases under conditions of oxidative stress and their 

involvement in the process of cell death induced by it have been reported since a long time [24]. The activity 

levels of these caspases in the groups of cells treated with UF-0.7 and UF-2.0 were similar to those observed in 

the NC group. This data demonstrated that fractions UF-0.7 and UF-2.0 could act as chelating agents, thus 

decreasing the oxidative stress, activation of caspases, and the number of dead cells (as seen indirectly via the 

MTT test). 

To confirm that the oxidative stress in the cells was reduced by the presence of sulfated polysaccharides, 

we evaluated the levels of three markers of oxidative stress SOD, GSH, and malondialdehyde. 

Free radical-mediated cell damage can generally cause lipid peroxidation, and malondialdehyde levels are 

a good marker of this event, the higher the amount of this molecule, the greater the lipid peroxidation [6]. The 

presence of sulfated polysaccharides prevented the levels of malondialdehyde from getting so high. In fractions 

UF-0.7 and UF-2.0, these levels were only 5 times higher than those observed in the PC. 

The concentration of SOD and GSH decreases considerably when cells are exposed to oxidative damage. 

This is because SOD and GSH are consumed by the reactive species that are formed [25]. 

This explains the decrease in the levels of SOD and GSH when 3T3 cells are exposed to oxidative damage. 

In both cases, we observed that the sulfated polysaccharides, mainly UF-0.7 and UF-2.0, protected the cells 

against the oxidative damage. 

The mechanism by which SPs from Udotea reduce cellular damage against free radical overproduction is 

similar to that of hyaluronic acid and chondroitin-4-sulfate, typical SPs that can behave as chelating agents 

[6,26]. We had hypothesized that the protective action of polysaccharides from this seaweed against oxidative 

damage occurs mainly because of its copper chelating properties. 

Udotea SPs presented low iron chelating activity. However, their presence protected 3T3 cells against 

oxidative damage caused by exposure to FeSO4. This was observed in all the tests performed. In addition, the 

data showed that, unlike in the CuSO4 assays, the most effective polysaccharide was 

UF-0.7. These data indicated that oxidative stress caused by iron was attenuated by the polysaccharides via 

other mechanisms besides chelation to wield their antioxidant action, consequently, protecting the cell against 

oxidative damage. 

Therefore, we assessed antioxidant properties of Udotea SPs using five antioxidant tests. Udotea SPs 

were effective only in the TAC. In this test, we verified that the activity of UF-2.0 was lower than that of the 

other SPs. In contrast, UF-0.7 was the most potent antioxidant among all SPs. In the TAC assay, the sample is 

evaluated as an electron donor; the higher the value obtained in the TAC, the greater its ability to donate 

electrons and, consequently, to neutralize the ROS. 
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TAC data may partly explain why Udotea SPs, although not strong iron chelators, are able to protect cells 

from the oxidative stress caused by the presence of iron. We are interested in identifying other mechanisms 

that allow the Udotea SPs to act as protectors of cells exposed to oxidative stress caused by iron. 

4. Materials and Methods 

4.1. Materials 

Iron (II) sulfate, potassium ferricianyde, sulfuric acid and acetonitrile were obtained from Merck 

(Darmstadt, Germany). Nitro Blue Tetrazolium (NBT), monosaccharides, methionine and ammonium 

molybdate were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Cell culture medium components 

(Dulbecco’s Modified Eagle Medium-DMEM), trypsin and newborn calf serum (FCS) were obtained from 

Cultilab (Campinas, Brazil). L-glutamine, sodium bicarbonate, sodium pyruvate and phosphate buffered saline 

(PBS) were purchased from Invitrogen Corporation (Burlington, ON, USA). All other solvents and chemicals 

were of analytical grade. 

Eukaryotic cells—Mouse embryonic fibroblast cells (NIH/3T3 ATCC® CRL-1658™-3T3, Manassas, VA, USA) 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% of fetal bovine serum (FBS), 10 mg/mL 

streptomycin, and 10,000 IU penicillin. 

4.2. Extraction of Sulfated Polysaccharide-Rich Fractions 

The seaweed Udotea flabellum was collected at Búzios Beach, Nísia Floresta-RN, Brazil. The alga was 

stored in our laboratory and dried at 50 ◦ C under ventilation in an oven, ground in a blender and incubated 

with ethanol to eliminate lipids and pigments. About 90 g of powdered alga was suspended with five volumes 

of 0.25 M NaCl and the pH was adjusted to 8.0 with NaOH. Next, 900 mg of Prolav 750 (Prozyn Biosolutions, 

São Paulo, SP, Brazil), a mixture of alkaline proteases, was added for proteolytic digestion. After incubation for 

24 h at 60 ◦ C under agitation and periodical pH adjustments, the mixture was filtered through cheesecloth. The 

filtrate was fractionated by precipitation with acetone as follows: 0.3 volumes of ice-cold acetone was added 

to the solution under gentle agitation and maintained at 4 ◦ C for 24 h. The precipitate formed was collected by 

centrifugation (10,000× g, 20 min), vacuum dried, resuspended in distilled water, and analyzed. The operation 

was repeated by adding 0.5, 0.6, 0.7, 1.0, and 2.0 volumes of acetone to the supernatant. 

4.3. Chemical Analysis and Monosaccharide Composition 

Sulfate content was determined according to the gelatin-barium method [27], using sodium sulfate 

(1 mg/mL) as standard and after acid hydrolysis of the polysaccharides (4 M HCl, 100 ◦ C, 6 h). Protein content 

was measured using Spector’s method [28]. The polysaccharides were hydrolyzed with 0.5, 1, 2, and 4 M, 

respectively, for various lengths of time, (0.5, 1, 2 and 4 h), at 100 ◦ C. Reducing sugars were determined using 

the Somogyi-Nelson method [29]. After acid hydrolysis, sugar composition was determined by a LaChrom Elite® 

HPLC system from VWR-Hitachi (Hitachi, Ltd., Tokyo, Japan) with a refractive index detector (RI detector model 

L-2490). A LichroCART® 250-4 column (250 mm × 40 mm) packed with Lichrospher® 100 NH2 (5 µm) was 

coupled to the system. The sample mass used was 0.2 mg and analysis time was 25 min. The following sugars 

were analyzed as references: arabinose, fructose, fucose, galactose, glucose, glucosamine, glucuronic acid, 

mannose, and xylose. 

4.4. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide Test 

For the tests, 0.5 × 104 cells were grown in 96-well plates with DMEM medium containing the samples in 

concentrations of 0.1, 0.5, 0.75 and 1 mg/mL for 24 h (each concentration in triplicate). The cell capacity to 

reduce MTT was determined by the colorimetric test of MTT as described earlier [30]. 

4.5. 5-bromo-2-deoxyuridine Incorporation 

The cells (5 × 103 cells/well) were seeded into 96-well plates with 300 µL of fresh medium and incubated 

for 12 h at 37 ◦ C and 5.0% CO2. The medium was removed, the samples in DMEM medium was added to a final 

concentration between 0.1 and 1.0 mg/mL, and plates were incubated for 24 h, at 37 ◦ C and 5.0% CO2. After 
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incubation, unbound samples were removed by washing the cells twice with 200 µL PBS and BrdU 

incorporation was determined according to manufacturer’s instruction (BrdU cell proliferation assay kit-Cell 

Signaling, Danvers, MA, USA). 

4.6. Induced Oxidative Stress Assay 

3T3 cells (1 × 106 cells/mL) were placed in 6-well plates in de presence of 1 mL of DMEM supplemented 

with 10% FCS. After 24 h, the plates were washed and 1 mL of DMEM supplemented with 10% FCS and sulfated 

polysaccharides (0.1; 0.5; 0.75 or 1.0 mg/mL), CuSO4 (1 µM, final concentration) or FeSO4 (2 µM, final 

concentration) were added. 15 min after, 10 µL of 200 mM ascorbate acid (2 mM final concentration) was 

added. The plates were kept in culture condition (37 ◦ C; 5% CO2; dark) for 90 min; thus, the medium was 

replaced by 1 mL of the same fresh medium. After 24 h, the cells were submitted to MTT test as described 

above. 

4.7. Caspase-3 and -9 Activity Assays 

3T3 cells (1 × 106 cells/mL) were placed in 6-well plates in de presence of 1 mL of DMEM supplemented 

with 10% FCS. After 24 h, the plates were washed and 1 mL of DMEM supplemented with 10% FCS, FeSO4, 

CuSO4, ascorbate and/or sulfated polysaccharides (1 mg/mL) was added. After 90 min, the medium was 

replaced by fresh medium. 8, 16 and 24 h the plates were washed with ice-cold PBS and scraped into 200 mL 

lysis buffer (50 mM Tris-HCl (pH 7.4), 1% Tween 20, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 

mM Na3VO4, 1 mM NaF], and protease inhibitors (1 mg/mL aprotinin, 10 mg/mL leupeptin and 1 mM 4-(2-

aminoethyl) benzenesulfonyl fluoride) for 2 h in ice. The same conditions were used for untreated cells in the 

0, 8, 16 and 24 h. Protein extracts were cleared by centrifugation and protein concentrations were determined 

using Bradford reagent [28] with bovine serum albumin as standard. In vitro caspase-3 and -9 protease activity 

was measured using a caspase activation kit according to the manufacturer’s protocol (Invitrogen, São Paulo, 

Brazil). For this, 50 µL of cell lysate was mixed with 50 µL of 2x reaction buffer (containing 10 µL of 1 M 

dithiothreitol and 5 µL of 4 mM synthetic tetrapeptide Asp-Glue-Val (for caspase 3) or Leu-Glu-His-Asp (for 

caspase 9) conjugated top-nitroanilide (pNA)) in a 96-well plate, after which the mixture was incubated for 2 h 

at 37 ◦ C in the dark. Active caspase cleaves the peptide and releases the chromophore pNA that can be 

detected spectrophotometrically at a wavelength of 405 nm. Theoretically, the apoptotic cell lysates 

containing active tested caspases should yield a considerable emission compared with the non-apoptotic cell 

lysates. Data presented are representative of those obtained in at least three independent experiments done 

in duplicates. 

 

4.8. Superoxide Dismutase Evaluation 

The SOD activity was measured using commercially available kit (SOD activity Enzo Life Sciences, 

Farmingdale, NY, USA). The principle of the method is based on the ability of SOD to neutralize superoxide ions 

created by the xanthine/xanthine oxidase system and subsequently inhibits the reduction of WST-1 (water 

soluble tetrazolium salt) to WST-1 formazan. Briefly, 3T3 fibroblasts (5 × 106 in six-well plate), obtained 24 h 

after oxidative stress induction, were washed with ice-cold 1× PBS, and lysed as described in kit protocol. The 

supernatant of each sample was collected, and the total SOD activity was assayed spectrophotometrically at 

450 nm. SOD concentration, expressed in units per milligram of protein, was determined using the SOD 

standard curve. 

4.9. Glutathione Evaluation 

To assess the total level of glutathione, the 3T3 cells (5 × 106 in six-well plate), obtained 24 h after 

oxidative stress induction, were washed with ice-cold 1× PBS, removed, resuspended in PBS and centrifuged 

(3000× g at 4 ◦ C) twice for 5 min. After this process, the suspension obtained was then diluted in 50% 

trichloroacetic acid (Vetec, São Paulo, SP, Brazil) and centrifuged during 15 min (3000× g at 4 ◦ C). After, the cell 

supernatant was diluted with the same volume 0.4 M Tris buffer contained 0.01 M dithiobisnitrobenzoic 
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(Sigma-Aldrich, São Paulo, SP, Brazil). The material was read at 412 nm. The results were expressed as 

nmol/106 cells. 

4.10. Malonaldehyde Levels 

To assess lipid peroxidation, malonaldehyde (MDA) production was measured with thiobarbituric acid 

reaction. Briefly, the cells under the same conditions as described above were triturated in 20 mM Tris-HCl 

buffer and centrifuged during 15 min (3000× g at 4 ◦ C). The chromogenic reagent (10.3 mM 1-methyl-2-

phenylindole in acetonitrile, 3:1 v/v), and a 37% solution of HCl were dropped to each supernatant sample (150 

mL). The samples were kept at 45 ◦ C for 40 min, and then were centrifuged (15 min; 3000× g; 4 ◦ C). The 

absorbance was measured at 586 nm, and the results were expressed as nmol/106 cells. 

 

4.11. Antioxidant Activity 

Four assays were performed to analyze the antioxidant activity of the sulfated polysaccharides obtained: 

total antioxidant capacity, hydroxyl radical scavenging, superoxide radical scavenging, and ferric chelating, as 

previously described [11,23]. 

4.11.1. Determination of Total Antioxidant Capacity 

This assay is based on the reduction of Mo (VI) to Mo (V) by sulfated polysaccharides and subsequent 

formation of a green phosphate/Mo(V) complex at acid pH. Tubes containing sulfated polysaccharides and 

reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate and 4 mM ammonium molybdate) were 

incubated at 95 ◦ C for 90 min. After the mixture had cooled to room temperature, the absorbance of each 

solution was measured at 695 nm against a blank. Total antioxidant capacity was expressed as ascorbic acid 

equivalent. 

4.11.2. Hydroxyl Radical Scavenging Activity Assay 

The scavenging activity of seaweed polysaccharides against the hydroxyl radical was investigated using 

Fenton’s reaction (Fe2+ + H2O2 → Fe3+ + OH− + OH). These results were expressed as inhibition rate. Hydroxyl 

radicals were generated using 3 mL sodium phosphate buffer (150 mM, pH 7.4), which contained 10 mM 

FeSO4.7H2O, 10 mM EDTA, 2 mM sodium salicylate, 30% H2O2 (200 mL) and varying polysaccharide 

concentrations. In the control, sodium phosphate buffer replaced H2O2. The solutions were incubated at 37 ◦ C 

for 1 h, and the presence of the hydroxyl radical was detected by monitoring absorbance at 510 nm. Gallic acid 

was used as positive control. 

4.11.3. Superoxide Radical Scavenging Activity Assay 

This assay was based on the capacity of sulfated polysaccharides to inhibit the photochemical reduction of 

NBT in the riboflavin–light–NBT system. Each 3 mL of reaction mixture contained 50 mM phosphate buffer (pH 

7.8), 13 mM methionine, 2 mM riboflavin, 100 mM EDTA, NBT (75 mM) and 1 mL sample solution. After the 

production of blue formazan, the increase in absorbance at 560 nm after 10 min illumination from a 

fluorescent lamp was determined. The entire reaction assembly was enclosed in a box lined with aluminum 

foil. Identical tubes with the reaction mixture were kept in the dark and served as blanks. Gallic acid was used 

as positive control. 

4.11.4. Ferric Chelating 

The ferrous ion chelating ability of samples was investigated using the following methodology: sulfated 

polysaccharides at different concentrations were applied with the reaction mixture, which contained FeCl2 

(0.05 mL, 2 mM) and ferrozine (0.2 mL, 5 mM). The mixture was shaken and incubated for 10 min at room 

temperature and absorbance of the mixture was measured at 562 nm against a blank. EDTA was used as 

positive control. 

4.11.5. Cupric Chelating 
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Pyrocatechol violet, the reagent used in this assay, has the ability to associate with certain cations such as 

aluminum, copper, bismuth, and thorium. In the presence of chelating agents this combination is not formed, 

resulting in decreased staining. This reduction thus allows the estimation of the chelating activity of the copper 

ion from the fraction from U. flabellum. The test is performed in 96-well microplates with a reaction mixture 

containing different concentrations of samples (0.1–20 mg/mL), pyrocatechol violet (4 mM), and copper II 

sulfate pentahydrate (50 mg/mL). All wells were homogenized with the aid of a micropipette and the solution 

absorbance was measured at 632 nm. The ability of the samples in chelating the copper ion was calculated 

using the following equation: 

(Absorbance of blank) − (Absorbance of the sample)/(Absorbance of the blank) × 100 

4.12. Electrophoresis in Agarose Gel 

Agarose gel electrophoresis of the acidic polysaccharides was performed in 0.6% agarose gel 

(7.5 cm × 10 cm × 0.2 cm thick) prepared in 0.05 M 1.3-diaminopropane acetate buffer pH 9.0, as previously 

described [15]. Aliquots of the polysaccharides (about 50 µg) were applied to the gel and subjected to 

electrophoresis. The gel was fixed with 0.1% cetyltrimethylammonium bromide solution for 2 h, dried, and 

stained for 15 min with 0.1% toluidine blue in 1% acetic acid in 50% ethanol. The gel 

was then destained with the same solution without the dye. 

4.13. Statistical Analysis 

All data were expressed as mean ± standard deviation of three observation (n = 3). Statistical analysis was 

done by one-way analysis of variance (ANOVA) followed by the Turkey-Kramer test. All tests were conducted 

on the SigmaPlot® (Systat software, San Jose, CA, USA). In all cases, statistical significance was set at p < 0.05. 

5. Conclusions 

We obtained six antioxidant sulfated polysaccharide-rich fractions from the green alga U. flabellum. 

These fractions mainly comprised heterogalactans, and were designated UF-0.3, UF-0.5, UF-0.6, UF-0.7, UF-1.0, 

and UF-2.0. None of the fractions exhibited cytotoxicity or inhibited 3T3 fibroblast proliferation. The four 

fractions that were assessed protected the cells from oxidative damage. UF-2.0 was the most effective in 

reducing oxidative stress when the cells were exposed to CuSO4; this can be attributed to the copper chelating 

ability of the fraction. The most effective fraction in mitigating oxidative stress in the presence of FeSO4 was 

UF-0.7. However, this effectiveness cannot be attributed solely to the ability of the fractions to chelate iron. 

Our aims for future studies include identification of other mechanisms involved in mitigation of oxidative 

stress caused by compounds of iron and the role of sulfated polysaccharides in such mitigation. In addition, as 

UF-0.7 showed notable protective activity both in the presence of copper and iron, we intend to assess its 

effect in vivo to identify its role as a putative drug to be used for the treatment of diseases associated with 

elevated levels of copper and/or iron. 
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6. COMENTÁRIOS, CRÍTICAS E SUGESTÕES 

 

Na busca de elucidar se PSs da alga Udotea flabellum possuíam formas de evitar 

o dano induzido por estresse oxidativo, foi traçado um planejamento inicial com 

objetivos claros, precisos e de real alcance. Ainda assim, imprevistos surgiram ao 

longo do caminho, atrasando o cronograma traçado em um primeiro momento. 

Contudo, os objetivos iniciais conseguiram ser alcançados sem a real necessidade 

de mudanças do projeto durante o desenvolvimento do mesmo, justamente pela 

organização metodológica imposta no momento do anteprojeto. 

Espera-se agregar dados concretos a literatura com os resultados aqui obtidos, 

uma vez que os dados revelados indicam a originalidade do projeto. Vale ressaltar o 

caráter multidisciplinar da pesquisa, que agregou pesquisadores de diversas áreas 

(biólogos, farmacêuticos e biomédicos) e enriqueceram o trabalho com essa união 

de conhecimento de diversas áreas relacionadas as ciências da saúde. 

 Espera-se que com a singela contribuição dos dados aqui apresentados possam 

surgir novos estudos sobre a alga Udotea flabellum, sobre suas moléculas e seus 

polissacarídeos que venham completar e dar aplicabilidade a esses. 

O mestrado lhe impõe desafios que requerem humildade e lhe fazem ver 

determinadas coisas sob uma nova perspectiva. As dificuldades que surgem no 

caminho são as principais razões da evolução pessoal e intelectual que ocorre 

durante uma pós-graduação.  

A vivencia nos anos como pós-graduando no PPGCSA acrescentaram uma 

experiência única no tocante ao fazer pesquisa, e como, principalmente, ao fazer 

pesquisa longe dos grandes centros. Isso é algo que não pode ser medido, a não 

ser pela gratidão e as palavras aqui escritas. Espera-se levar esse conhecimento 

aqui adquirido e honra-lo por toda a vida. 
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