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RESUMO

O estresse oxidativo ¢ uma condi¢do bioquimica de desequilibrio que pode culminar na
degradacao de estruturas celulares e proporcionar o desencadeamento de inimeras patologias.
Nessa perspectiva, os carboidratos de algas marinhas se apresentam como macromoléculas
alternativas capazes de combater o estresse oxidativo, devido ao potencial antioxidante ja
descrito na literatura. Diante disso, o estudo objetivou isolar, caracterizar e avaliar toxicidade e
a atividade antioxidante do polissacarideo sulfatado de Bryothammnion seaforthii. A alga
marinha vermelha B. seaforthii foi coletada na Praia de Guajiru (Trairi, Ceard) e submetida a
analise de composi¢ao centesimal. Apos o primeiro passo, foi obtido, por digestdo enzimatica,
o polissacarideo sulfatado de Bryothamnion seaforthii (PS-Bs), que foi submetido a
caracterizagdo quimica através de andlises colorimétricas, microanalise elementar, Microscopia
Eletronica de Varredura (MEV), Cromatografia de Permeacao em Gel (GPC), Espectrometria
por Infravermelho com Transformada de Fourier (FTIR) e Ressonancia Magnética Nuclear
(RMN). A toxicidade de PS-Bs foi avaliada contra nauplios de Artemia sp. e em camundongos
BALB/c e seu efeito antioxidante contra diferentes radicais foi investigado. A macroalga B.
seaforthii revelou alto teor de carboidratos (75,05 + 0,21%) e o PS-Bs exibiu 91,4% de
carboidratos totais e apenas tragos de contaminantes proteicos (<1%). Ademais, apresentou
morfologia laminada com cadeias ramificadas curtas verificadas através do MEV. As técnicas
de GPC e microanalise elementar revelaram que PS-Bs apresenta uma massa molar média de
74,4 kDa e um grau de sulfatacdo de 0,67, respectivamente. Além disso, FT-IR e RMN
confirmaram que PS-Bs ¢ uma galactana do tipo agarana. PS-Bs ndo apresentou efeito toxico
em nenhum dos testes ¢ ndo promoveu alteragdes significativas nos parametros clinicos,
bioquimicos e histologicos em camundongos. PS-Bs exibiu efeito antioxidante dependente da
concentragdo no teste que investiga a capacidade antioxidante total (2,48-98,64%), quelacdo do
ion ferroso (5,73-54,05%) e sequestro do radical hidroxila (13,79-72,27%). Esses resultados

sugerem que PS-Bs ¢ um antioxidante natural promissor € que ndo apresenta efeitos toxicos.

Palavras-chave: galactana; antioxidante; atdxico.



ABSTRACT

Oxidative stress is a biochemical condition of imbalance that can culminate in the degradation
of cellular structures and trigger numerous pathologies. From this perspective, marine algae
carbohydrates are presented as alternative macromolecules capable of combating oxidative
stress, due to the antioxidant potential already described in the literature. Therefore, the study
aimed to isolate, characterize and evaluate the toxicity and antioxidant activity of the sulfated
polysaccharide from Bryothamnion seaforthii. The red seaweed B. seaforthii was collected at
Praia de Guajiru (Trairi, Ceard) and subjected to proximate composition analysis. After the first
step, the sulfated polysaccharide from Bryothamnion seaforthii (PS-Bs) was obtained by
enzymatic digestion, which was subjected to chemical characterization through colorimetric
analysis, elemental microanalysis, Scanning Electron Microscopy (SEM), Permeation
Chromatography in Gel (GPC), Fourier Transform Infrared Spectrometry (FTIR) and Nuclear
Magnetic Resonance (NMR). The toxicity of PS-Bs was evaluated against Artemia sp. and in
BALB/c mice and its antioxidant effect against different radicals was investigated. The
macroalgae B. seaforthii showed high carbohydrate content (75.05 +0.21%) and PS-Bs showed
91.4% of total carbohydrates and only traces of protein contaminants (<1%). Furthermore, it
presented laminated morphology with short branched chains verified by SEM. GPC and
elemental microanalysis revealed that PS-Bs has an average molar mass of 74.4 kDa and a
degree of sulfation of 0.67, respectively. Furthermore, FT-IR and NMR confirmed that PS-Bs
is an agaran-like galactan. PS-Bs showed no toxic effect in any of the tests and did not promote
significant changes in clinical, biochemical and histological parameters in mice. PS-Bs
exhibited a concentration-dependent antioxidant effect in the test that investigates total
antioxidant capacity (2.48-98.64%), ferrous ion chelation (5.73-54.05%) and hydroxyl radical
scavenging (13, 79-72.27%). These results suggest that PS-Bs are a promising natural

antioxidant that has no toxic effects.

Keywords: galactan; antioxidant; non-toxic.
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1. INTRODUCAO

Com o avango da ciéncia e as descobertas das ultimas décadas, varias doencas t€ém
sido relacionadas aos danos resultantes do estresse oxidativo sobre o organismo. Por
conseguinte, ¢ estabelecido que o estresse oxidativo possui relacdo direta com a etiologia de
inimeras patologias, como sindrome metabodlica, aterosclerose, doencas cardiovasculares,
disturbios neurodegenerativos, doengas renais, doengas gastrointestinais, obesidade e cancer
(VONA et al., 2021; HAJAM et al., 2022).

No intuito de prevenir o estresse oxidativo, antioxidantes como vitamina C,
vitamina E e N-acetilcisteina sdo usados regularmente em vdarios regimes de tratamento
(HENKEL, SANDHU, AGARWAL, 2019). Além disso, a industria cosmética e alimenticia
utiliza diferentes tipos de antioxidantes sintéticos, como o hidroxianisol butilado (BHA), o
hidroxitolueno butilado (BHT) e o terc-butil-hidroquinona (TBHQ) (GULCIN, 2020). No
entanto, estudos tém mostrado que tais substincias sintéticas apresentam uma série de
desvantagens e riscos a satide (MAJUMDER et al, 2021; XU et al., 2021; KANAGARAIJ et al.,
2022). O BHA ¢ capaz de induzir deformidades em embrides de peixe-zebra (Danio rerio),
afetar a fertilidade e interromper o crescimento desses organismos (KANAGARAIJ et al., 2022).
Ademais, 0 NDGA (acido nordihidroguaiarético), um antioxidante alimentar, foi identificado
como a causa raiz da doenga cistica renal em roedores (NEHA et al., 2019).

Diante do exposto, a demanda por antioxidantes naturais como alternativa aos
antioxidantes sintéticos tem aumentado nos ultimos anos (COULOMBIER, JAUFFRAIS,
LEBOUVIER, 2021). Nessa perspectiva, moléculas obtidas de algas marinhas surgem como
alternativa devido a grande disponibilidade, facil acesso e sua natureza ecossustentavel
(KALASARIYA et al., 2021). Nesse contexto, ha varios relatos quanto ao efeito dos
polissacarideos sulfatados obtidos de algas marinhas sobre o sistema antioxidante (SOUSA et
al.,2016; ALENCAR et al., 2019; KANG et al., 2022).

A alga marinha vermelha Bryothamnion seaforthii ¢ comumente encontrada na
costa do nordeste brasileiro. Ademais, relatos anteriores destacam que carboidratos sulfatados
presentes nas fracdes de lectinas e carboidratos isoladas de B. seaforthii apresentaram efeitos
antinociceptivos (VIANA et al., 2002; VIEIRA et al., 2004). Outrossim, lectinas isoladas desta
alga mostraram efeitos anti-hiperglicémicos e antioxidantes em ratos. Nesse estudo, o efeito
antioxidante foi evidenciado através da reducdo de radicais livres (ALENCAR ALVES et al.,
2020).

Embora amplamente reconhecidos como benéficos para a satide humana, os

antioxidantes podem apresentar efeitos pro-oxidantes e/ou tdxicos apos reagdo com diferentes
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espécies de radicais livres (DOSSENA, MARINHO, 2021). Destarte, novas moléculas que se
destinam a utilizacdo humana necessitam de uma avaliacdo em relagdo a seguranca de uso
(JONG, GEERTSMA, BORCHARD, 2022). Considerando essa problematica, a avaliagao da
toxicidade de polissacarideos sulfatados de algas marinhas € essencial, apesar de sua difundida

aplicagdo na industria cosmética e alimenticia (GUAN, LI, MAO, 2017).
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2. REVISAO BIBLIOGRAFICA

2.1 Estresse oxidativo e saiide humana

No organismo, quando ocorre desequilibrio bioquimico entre o sistema oxidante e
antioxidante em favor dos agentes oxidantes, surgem condigdes que caracterizam o “‘estresse
oxidativo” (DEMIRCI-CEKIC et al., 2022). No geral, esse termo ¢ utilizado para definir um
estado caracteristico representado por altos niveis de agentes oxidantes, como Espécies
Reativas de Oxigénio e Espécies Reativas de Nitrogénio, EROs e ERNs, respectivamente. Além
disso, o estresse oxidativo ¢ caracterizado por um nivel diminuto de antioxidantes, que pode
culminar em danos & maquinaria celular (SINGH, KUKRETI, SASO, KUKRETI, 2022).

O dano celular ¢ desencadeado frequentemente por EROs e ERNs, que podem ser
de origem exogena ou endogena (Figura 1) (BAKADIA et al., 2021). As EROs incluem
principalmente anion superoxido, radical hidroxila, peroxido de hidrogénio e acido hipocloroso
e as ERNs incluem majoritariamente 6xido nitrico, didxido de nitrogénio e peroxinitrito

(HALLIWELL, 2007; DEMIRCI-CEKIC et al., 2022).

Figura 1 - Origens endogenas e exogenas das EROs e ERNs. No caso dos compostos exdgenos
que penetram no corpo, eles sdo degradados ou metabolizados, culminando na geragdo de EROs

e ERNs como subprodutos danosos que agem sobre o organismo.
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Em situacdes de estresse oxidativo, as espécies reativas podem causar danos as
diversas biomoléculas do organismo, incluindo proteinas, lipidios, carboidratos e acidos
nucleicos (SIES, 2020). Nesse processo de degradacdo celular, uma das organelas que mais
sofre com a agdo danosa desses radicais ¢ a mitocondria, devido ao processo de respiracao
celular e geracao de radicais livres (LUO et al., 2020). Um marcador chave do estresse
oxidativo ¢ o dano ao DNA, através promocao de danos as bases nitrogenadas, purinas e
pirimidinas oxidadas e quebras de DNA (IONESCU-TUCKER, COTMAN, 2021). De modo
geral, o estresse oxidativo € associado com frequéncia a uma série de doengas, devido aos danos
que os radicais livres podem causar as células (CALIRI, TOMMASI, BESARATINIA, 2021;
DEMIRCI-CEKIC et al., 2022).

Nessa perspectiva, € emergente a busca por antioxidantes naturais capazes de
temporizar a acdo desses radicais sobre o organismo. No geral, as espécies reativas sao
subprodutos metabdlicos necessarios para a funcao fisioldgica, mas podem ser toxicos em altos
niveis (IONESCU-TUCKER, COTMAN, 2021). Logo, ¢ fundamental a utilizacdo de agentes
antioxidantes naturais, visando regular os fatores danosos e buscar o equilibrio e a homeostase

celular (SANCHEZ-MORATE et al., 2020).

2.2 Visao geral sobre antioxidantes sintéticos e antioxidantes naturais

Halliwell e Gutteridge (2015) definem antioxidante como qualquer substancia que
atrasa, previne ou remove o dano oxidativo frente a molécula alvo. Os antioxidantes sintéticos
sdo largamente utilizados na industria, principalmente por apresentarem grande estabilidade,
desempenho consideravel e baixo custo (LOURENCO, MOLDAO-MARTINS, ALVES, 2019).
Dentre os antioxidantes sintéticos empregados pela industria, os mais populares sao
hidroxianisol butilado (BHA), hidroxitolueno butilado (BHT) terc-butil-hidroquinona (TBHQ),
propil galato (PG) e octil galato (OG) (GULCIN, 2020).

Apesar da ampla utilizacdo, os antioxidantes sintéticos tém sido apontados como
drogas que apresentam seguranga questionavel devido aos aspectos toxicologicos (DOSSENA,
MARINHO, 2021). Existem varios estudos indicando uma rela¢do entre a ingestdo a longo
prazo de antioxidantes sintéticos e alguns problemas de satde, como o risco de desenvolver
cancer (MAJUMDER et al, 2021; XU et al., 2021). Ademais, altas doses de antioxidantes
sintéticos podem causar danos ao DNA. De modo complementar, ha forte correlacdo entre a
utilizagao de BHA, BHT e TBHQ e o processo de citotoxicidade e tumorigénese (XU ef al.,
2021).

Nesse contexto, ha uma tendéncia hodierna em substituir os antioxidantes sintéticos
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por antioxidantes obtidos de fontes naturais (SHAH, MIR, 2022). Além disso, esse processo de
substituicdo ¢ estimulado pela mudanca de postura da populagdo, que busca produtos cada vez
mais naturais e livres de conservantes sintéticos. Por conta disso, € crescente a preferéncia pelos
produtos que empregam compostos naturais em sua composicao (MIRZANAJAFI-ZANJANI,
YOUSEFI, EHSANI, 2019).

Diante da mudanga de postura da populagdo e com os avancos da biotecnologia,
estudos revelam que moléculas oriundas de plantas e macroalgas marinhas apresentam efeitos
antioxidantes promissores (HERMUND et al., 2015). Nesse contexto, existe uma grande
necessidade de pesquisas para explorar novas moléculas antioxidantes de algas marinhas. Ha
estudos avangados que citam uma série de aplicagdes biomédicas de moléculas desses
organismos como antioxidantes naturais (AROKIARAJAN et al., 2022).

Diante desse cenario, algas marinhas surgem como alternativa promissora devido a
elevada disponibilidade na natureza (CHUDASAMA, 2021). Compostos de macroalgas podem
apresentar acdo antioxidante direta na eliminagdo de EROs, com consequente desempenho
satisfatorio no combate ao estresse oxidativo ou através da otimizacdo dos sistemas
antioxidantes enddgenos de animais e humanos (LIU, SUN, 2020). Diante disso, as macroalgas
marinhas vermelhas tem sido cada vez mais estudadas (ALENCAR et al., 2019; CHAGAS et
al., 2020).

2.3 Algas marinhas vermelhas

As algas vermelhas integram o grande agrupamento de algas eucaridticas mais
antigas presentes no ambiente aquatico. Essas macroalgas compdem o grupo taxondmico mais
diversificado, com aproximadamente 6.500 espécies identificadas (NAN et al., 2017). De
acordo com a Organiza¢do das Nagdes Unidas para a Alimentacdo e a Agricultura (FAO) em
2019, a producao mundial de cultivo de algas atingiu o patamar de 34,7 milhdes de toneladas,
que equivale a cerca de US$ 14,7 bilhdes. Desse valor total, mais da metade (52,6%), valor
superior a US$ 7 bilhdes, sdo oriundos do grande grupo das algas vermelhas, pertencentes ao
filo Rhodophyta (CAI et al., 2021).

Ao longo da historia da humanidade e especialmente no continente asiatico, as algas
marinhas vermelhas tém sido usadas para diferentes finalidades, dentre as quais podemos
destacar sua utilizagdo como matéria-prima, ingrediente, suplemento alimentar e ragao (QIU et
al., 2022). Diante da grande diversidade algal, merecem destaque as rodofitas, constituindo o
grupo com o maior niumero de espécies no nordeste do Brasil e na costa brasileira

(CAVALCANTI, SANCHEZ, FUJII, 2022).
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O filo Rhodophyta comporta o género Bryothamnion que inclui 12 espécies de
algas, amplamente distribuidas nos mares ocidentais (GUIRY; GUIRY, 2019). Nesse género, a
espécie Bryothamnion seaforthii apresenta larga distribui¢do ao longo da costa cearense (DE
MORAES et al., 2000). A alga marinha B. seaforthii apresenta colora¢do vermelha intensa e
encontra-se disposta em tufos fixados aos corais nas zonas intermarés e em profundidades de 5
a 20 metros (Figura 2). Em relacdo as suas caracteristicas morfologicas, apresenta estrutura
membranosa com aproximadamente 25 cm de altura, talo achatado e eixos principais
semicilindricos. Além disso, a espécie apresenta grande numero de ramos curtos espinescentes,

disticamente organizadas e alternantes (MORAIS, 2000).

Figura 2 - Aspecto macroscopico de Bryothamnion seaforthii e classificagdo taxondmica.

Filo: Rhodophyta
Classe: Florideophyceae
Ordem: Ceramiales
Familia: Rhodomelaceae
Geénero: Bryothamnion

Espécie: Bryothamnion seaforthii

Fonte: o autor.

Em relacdo a investigagdo dos efeitos bioldgicos, existem alguns estudos com
moléculas isoladas dessa agardfita, que confirmam a presenca de carboidratos e lectinas com
efeito antinociceptivo (VIANA et al., 2002; VIEIRA et al., 2004). Ademais, uma lectina isolada
de B. seaforthii foi capaz de estimular a reestruturagdo de feridas cutaneas devido ao seu efeito
pro-cicatrizante (DO NASCIMENTO-NETO et al., 2012). Além disso, estudos recentes
demonstraram que essa espécie apresenta efeitos anti-hiperglicémicos e antioxidantes em ratos
com diabetes induzida por estreptozotocina (ALENCAR ALVES et al., 2020).

Atualmente, hd uma tendéncia de aumento em relagdo ao consumo de algas
vermelhas em outros continentes além da Asia, possivelmente devido ao aspecto atrativo ao
paladar e pelos diferentes beneficios a saude (QIU et al., 2022). Além da crescente demanda

global por algas vermelhas como alimentos funcionais, os carboidratos de algas marinhas
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vermelhas tém atraido consideravel aten¢ao dos pesquisadores do mundo todo, pois possuem

polissacarideos com caracteristicas particulares (KRYLOVA et al., 2022).

2.3 Polissacarideos sulfatados de algas marinhas vermelhas

As macroalgas vermelhas contém grandes quantidades de polissacarideos
sulfatados, localizados principalmente no interior da matriz da parede celular. Esses polimeros
possuem caracteristicas estruturais e propriedades bioldgicas unicas, que os tornam matéria-
prima de varios produtos e estimulam diferentes estudos. Dessa forma, ¢ importante entender
suas propriedades estruturais para explorar seus beneficios a satde (QIU et al., 2022).

De modo geral, os polissacarideos sulfatados de algas marinhas vermelhas podem
ser descritos como polimeros de carboidratos complexos, polianidnicos e heterogéneos
formados por unidades repetitivas de aglcares e carregados negativamente, devido a presenca
de grupamentos sulfato ao longo de sua cadeia polimérica (LEE et al., 2017).

Quanto ao padrao quimico, essas macromoléculas sdo constituidas principalmente
por unidades de galactose e por conta disso, sdo denominadas de galactanas (ALENCAR et al.,
2019). Sao formadas por unidades repetitivas e alternadas de B (1—3) D- galactopiranose
(unidade A) e a (1 — 4) D- ou L- galactopiranose (unidade B), onde ambas as unidades, A e B,

se alternam (AB)n e podem ser sulfatadas (Figura 3) (PAINTER, 1983; BILAL, IQBAL, 2019).

Figura 3 - Representagdo esquematica da estrutura quimica das galactanas.

[ (— 3)-B-D-galactopiranose - (1—4)-a-galactopiranose-(1—) | ,
|

|
Unidade A Unidade B

Fonte: Barros et al., (2013).

Quanto a caracterizagdo estrutural, as galactanas sdo classificadas de acordo com a
estereoquimica de suas moléculas, especialmente relacionada com a unidade B. Quando a
referida unidade pertence a série D, a galactana ¢ considerada uma carragenana e quando
pertence a série L, ¢ chamada de agarana (Figura 4). Além disso, pesquisas recentes relatam a
existéncia de galactanas hibridas de carboidratos tipo agar e carragenana. Dessa forma, o
polimero pode ser mais rico em agaranas ou em carragenanas (SANCHEZ, MATULEWICZ,
CIANCIA, 2021).



18

Figura 4 — Estrutura das galactanas sulfatados de algas vermelhas. (A) Estruturas principais das
carragenanas, (B) Estruturas principais das agaranas.
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Fonte: Ciancia, Matulewicz, Tuvikene (2020, com modificagdes).

O termo agar ou agarana ¢ usado para descrever uma gama de polissacarideos
constituidos de enantiomeros D- e L- de galactose. De modo geral, as agaranas consistem da
mistura de uma fragdo neutra, chamada de agarose e de uma fracdo anidnica, que corresponde
as agaropectinas (ZHANG et al., 2019)

A agarose corresponde a uma estrutura molecular linear, que nao apresenta
grupamento sulfato na sua composi¢do quimica. Essas moléculas sdo formadas por unidades
alternadas B-1,3 D-galactose e a-1,4 3,6-anidro-L-galactose. Além disso, esse polimero pode
apresentar substituicdes de seus residuos de monossacarideos por 6-O- metil-D-galactose, L-
galactose e 2-O-metil-L-galactose (ARMISEN; GALACTAS, 1987; PHILLIPS; WILLIAMS,
2009).

A porcao formada por agaropectina apresenta diferentes grupamentos quimicos,
como acido piravico, dcido D-glucuronico, metil e/ou sulfato, que estdo associados a uma
estrutura linear da agarose, localizados em diferentes combinac¢des ou posigdes na molécula,
garantindo a diversidade estrutural das galactanas sulfatadas (ARMISEN; GALACTAS, 1987,
SANCHEZ et al., 2021).

E importante ressaltar que o fato de ser de origem natural ndo garante a seguranga
de consumo de polissacarideos sulfatados. Diante disso, sdo necessarios estudos quanto a
avalia¢do da toxicidade desses polimeros para definir as condi¢des de sua empregabilidade pela

industria. Logo, ¢ emergente a necessidade de pesquisas para avaliar a toxicidade de
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polissacarideos sulfatados de algas marinhas, seja para uso como alimento, aditivo, nutracéutico

ou conservante (TANNA, MISHRA, 2019).

2.4 Investigaciao da toxicidade de polissacarideos de rodoficeas

A maioria dos levantamentos evidenciam a auséncia de toxicidade e a seguranga de
consumo de algas marinhas (BANACH et al., 2020). Um estudo realizado no continente
asiatico estabeleceu correlacao entre fatores de risco para o cancer ¢ o consumo de algas
marinhas coreanas. A investigacdo mostrou que o consumo da alga vermelha do género
Porphyra esta associado a diminui¢cdo do risco de cancer de mama em mulheres coreanas
(YANG et al., 2010).

Estudos tém sido realizados para avaliar a seguranca de uso e a toxicidade de
biomoléculas identificadas de algas marinhas, visando sua utilizagdo pela industria. Dessa
forma, foi evidenciando que algumas moléculas obtidas de algas marinhas eram toxicas para os
seres humanos, embora também apresentassem uma serie de efeitos benéficos (KUMAR,
SHARMA, 2021).

Frente ao atual cendrio cientifico, carboidratos de algas marinhas recebem destaque
em pesquisas devido a auséncia de toxicidade e por serem viaveis do ponto de vista econdmico
(MUTHUKUMAR, CHIDAMBARAM, SUKUMARAN, 2021). No entanto, apesar de pouco
frequente, um estudo farmacodinamico com administracdo da galactana sulfatada do tipo
carragenina em animais por maiores periodos, resultou em colite ulcerosa e danos na membrana
da mucosa intestinal. Além disso, como resultado da administra¢do, podem ocorrer neoplasias
em razao da resposta inflamatoria provocada pelo polimero (GUAN, LI, MAO, 2017).

Apesar das questoes levantadas acima, outros estudos de investigacdo da toxicidade
mostraram que a ingestdo de carragenina como espessante e estabilizante em alimentos nao
apresentou nenhum efeito colateral importante € nenhuma resposta toxicologica foi induzida.
Nesse caso, concluiu-se que nao foram causados eventos de carcinogenicidade, genotoxicidade
ou defeitos reprodutivos (WEINER, 2014).

Em diversos estudos, os polissacarideos isolados de diferentes tipos de algas
vermelhas, incluindo agar6fitas e carragenofitas, ndo exibiram nenhum sinal de toxicidade
quando avaliado o efeito dessas galactanas em testes in vivo (ARAUJO et al., 2011; LAJILI et
al., 2019; ZHENG et al., 2022). Normalmente, pesquisas toxicoldgicas relatam que
polissacarideos sio bem tolerados em animais de experimentagio (ARAUJO et al., 2011).

No geral, polissacarideos sulfatados sdo hemocompativeis, atoxicos e apresentam

baixo custo de produ¢do em comparagao com outros biopolimeros (AMINABHAVI, 2015). Por
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conta disso, podem ser utilizados para atender as demandas da area farmacéutica e biomédica
(LEANDRO, PEREIRA, GONCALVES, 2020).

Dessa forma, esses aspectos estimulam os pesquisadores na projecdo de entregas
eficazes do ponto de vista industrial, com a visdo de produtos baseado em polimeros com
aplicagdo em diversos ramos da industria (MILAL, IQBAL, 2019). Portanto, considerado o
atual panorama, ¢ necessario a avaliacao da seguranga de uso, utilizando como primeiro passo
analise da toxicidade dos polissacarideos sulfatados para prosseguimentos dos estudos

objetivando a avaliagdo clinica (TANNA, MISHRA, 2019).

2.5 Propriedades farmacologicas dos polissacarideos sulfatados de rodoficeas

As cargas negativas presentes na estrutura dos polissacarideos sulfatados de algas
marinhas vermelhas sdo capazes de promover complexas interacdes eletrostaticas com muitas
proteinas do organismo. Por consequéncia, as interagdes entre esses polimeros e moléculas
endogenas estdo intimamente relacionadas aos seus possiveis efeitos terapéuticos. Além disso,
caracteristicas estruturais como padrio de glicosilacdo, sulfatagdo, anomericidade e
composi¢ao monossacaridica sao pontos esséncias da estrutura desses polimeros que devem ser
considerados e que podem influenciam nos efeitos biologicos desses hidratos de carbono
(POMIN, 2012).

Dentre os varios efeitos fisiologicos dos polissacarideos sulfatados de algas
marinhas, podemos destacar os efeitos antitumoral, antiviral, anticoagulante, anti-inflamatorio,
imunomodulador, antibacteriano, antidiabético, antidiarreico e antioxidante (KANG et al., 2022;
QIU et al., 2022). Além disso, estudos realizados na ultima década confirmam que
polissacarideos sdo moléculas promissoras quanto a protecdo da mucosa gastrica, com forte
relagdo entre o efeito gastroprotetor e a agao antioxidante desses polimeros (SOUSA et al., 2016;
LAIJILI et al., 2019).

Na pesquisa realizada por Sousa et al., (2016), os polissacarideos sulfatados da alga
marinha vermelha Solieria filiformis exibiram efeito gastroprotetor de forma dose-dependente
e efeito antioxidante in vitro contra diferentes radicais. O efeito gastroprotetor dos
polissacarides sulfatados de S. filiformis foi associado ao consideravel potencial antioxidante
frente a diferentes tipos de radicais livres, impedindo a agdo de EROS.

Uma galactana do tipo agarana obtida da alga marinha vermelha Gracilaria caudata
apresentou atividade antioxidante in vitro através da quelacao de ions ferrosos e reducao de ions
metalicos. Ademais, os resultados obtidos em ensaios antioxidantes in vivo demonstraram que
a agarana foi capaz de estimular o sistema enddgeno e aumentar a agao de enzimas antioxidantes

como a catalase (ALENCAR et al., 2019).
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Alguns estudos correlacionam as caracteristicas quimicas de hidratos de carbono de
algas marinhas com sua gama de efeitos biologicos descritos na literatura (Figura 4). Como
exemplo, podemos destacar o potencial antioxidante dessas macromoléculas, que ¢ atribuido as
extremidades redutoras e cargas negativas presente nesses polimeros. Logo, quanto maior o
conteudo de sulfato maior parece ser o efeito antioxidante (KHAN et al., 2019). De forma
complementar, € reportado uma relagdo massa molar e o efeito antioxidante de polissacarideos,
demonstrando que polissacarideos de menor massa molar sdo mais promissores, pois

apresentam maior probabilidade de apresentar efeito antioxidante (ZHU et al., 2019).

Figura 4 — Principais efeitos biologicos das galactanas sulfatadas.
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Fonte: o autor.

Por fim, diante dos mais variados efeitos fisiologicos descritos e das pesquisas que
envolvem a caracteriza¢do e avaliacdo da seguranga de uso, espera-se avancar nos estudos
desses polimeros. Dessa forma, serd possivel alcangar uma maior aceitagdo dos polissacarideos
sulfatados, visando novos produtos a base desses polimeros para fortalecer a prospeccgao

tecnologica de produtos naturais a partir das macroalgas (AROKIARAJAN et al., 2022).
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3 OBJETIVO
3.1 Geral

O presente trabalho objetivou isolar, caracterizar a estrutura quimica, avaliar a
toxicidade e a atividade antioxidante do polissacarideo sulfatado de Bryothamnion seaforthii

(PS-Bs).
3.2 Especificos

e Determinar a composicao centesimal da macroalga marinha vermelha B. seaforthii;

e Obter o PS-Bs;

e Analisar aspectos quimicos do PS-Bs;

e Caracterizar a estrutura molecular do PS-Bs;

e Avaliar a toxicidade in vitro do PS-Bs;

e Avaliar a toxicidade in vivo do PS-Bs;

e [Estabelecer os aspectos clinicos e comportamentais avaliados no teste de toxicidade in
vivo do PS-Bs;

e Correlacionar os pardmetros bioquimicos observados no teste de toxicidade in vivo do
PS-Bs;

e Avaliar aspectos histologicos referentes ao teste de toxicidade in vivo do PS-Bs;

e Determinar o efeito antioxidante in vitro do PS-Bs.
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4 PERMISSAO LEGAL

A atividade de acesso ao Patrimdénio Genético desta tese de doutorado esta
cadastrada no Sistema Nacional de Gestdo do Patrimdonio Genético e do Conhecimento
Tradicional Associado (SisGen), em atendimento ao previsto na Lei n° 13.123/2015 e seus

regulamentos, protocolado sob nimero A482D49.
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APENDICE A - SULFATED POLYSACCHARIDE FROM THE SEAWEED
Bryothamnion seaforthii: TOXICOLOGICAL AND ANTIOXIDANT EFFECTS

Highlights

e A sulfated polysaccharide (SP-Bs) was isolated from the red seaweed Bryothamnion
seaforthii.

e SP-Bs is an agaran-type galactan.

e SP-Bs exhibits antioxidant effect against different radicals in vitro.

e SP-Bs is not a toxic molecule.
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Abstract

Bryothamnion seaforthii is a tropical red seaweed with a high carbohydrate content (75.05 +
0.21%). The sulfated polysaccharide of Bryothamnion seaforthii (SP-Bs) was obtained by
enzymatic extraction and subjected to chemical characterization by colorimetric analysis,
elemental microanalysis, SEM, GPC, FT-IR and NMR. SP-Bs toxicity was evaluated in
Artemia sp. nauplii and BALB/c mice and its antioxidant effect against different radicals was
investigated. In SEM analysis, SP-Bs exhibited a laminated morphology with short branched
chains. GPC and elemental microanalysis revealed an average molar mass of 74.4 kDa and a
degree of sulfation of 0.67, respectively. Furthermore, FT-IR and NMR showed that SP-Bs is
a sulfated agaran. SP-Bs had no toxic effect in both tests performed and did not promote
significant changes in clinical, biochemical and histological parameters in mice. This molecule
exhibited a concentration-dependent antioxidant effect in total antioxidant capacity (2.48-
98.64%), ferrous ion chelation (5.73-54.05%) and hydroxyl radical scavenging (13.79-72
.27%). These results suggest that SP-Bs is a promising natural antioxidant, free from toxic

effects.

Keywords

Sulfated polysaccharide; toxicity and antioxidant effect.
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1. Introduction

Many marine macroalgae are used for human consumption, having many beneficial
health effects in folk medicine, mainly in Asian countries (HWANG et al., 2019). These
organisms are sources of several compounds with multifunctional properties, such as minerals,
carotenoids, phenolic compounds, terpenes, vitamins, amino acids, proteins, fatty acids and
polysaccharides (COTAS et al., 2020). In view of these varieties of compounds, marine algae
polysaccharides are one of the most abundant and widely used by the industry
(MUTHUKUMAR, CHIDAMBARAM, SUKUMARAN, 2021).

Sulfated polysaccharides from red seaweeds, also known as galactans, are widely used
in the food and pharmaceutical industries (KANG et al., 2022). They exhibit a repeating
fundamental disaccharide unit composed of 3-linked B-galactopyranosyl (unit A) and 4-linked
a-galactopyranosyl (unit B) residues (PEREZ-RECALDE et al., 2016). Galactans are classified
according to the B unit stereochemistry: when this unit exhibits D-series stereoisomerism the
galactan is classified as a carrageenan, when its enantiomeric configuration belongs to the L-
series it is classified as an agar (MERCEDES-PEREZ et al., 2016).

Galactans obtained from seaweeds present a series of biological effects, among which
we can highlight anticoagulant, antiviral, antibacterial antitumor effects. In addition, they have
anticoagulant, anti-inflammatory, immunomodulatory, antidiabetic, antidiarrheal and
antioxidant effects (KANG et al.,, 2022; QIU et al., 2022). Furthermore, sulfated
polysaccharides from seaweeds are abundant in nature and usually non-toxic molecules (GUO,
SKINNER, HARCUM, BARNUM, 1998; MUTHUKUMAR, CHIDAMBARAM,
SUKUMARAN, 2021).

The seaweed Bryothamnion seaforthii is a rhodophyte commonly found in the
Northeastern coast of Brazil. In addition, sulfated carbohydrates present in lectin fractions
1solated from B. seaforthii were associated with antinociceptive effects (VIANA ef al., 2002).
Furthermore, fractions containing carbohydrates isolated from B. seaforthii exhibited an
antinociceptive effect (VIEIRA et al., 2004). The lectin isolated from B. seaforthii was able to
stimulate the restructuring of skin wounds due to its pro-healing effect (DO NASCIMENTO-
NETO et al., 2012). Besides, lectins isolated from this seaweed showed antihyperglycemic and
antioxidant effects in rats with streptozotocin-induced diabetes (ALENCAR ALVES et al.,
2020). Thus, considering that studies on the chemical and structural characterization and
toxicity aspects of the sulfated polysaccharides from B. seaforthii remain incipient, the present
study aims to characterize the sulfated polysaccharide of B. seaforthii and evaluate its toxicity

and antioxidant activity.
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2. Materials and methods
2.1. Marine algae

The seaweed Bryothamnion seaforthii was collected in July 2018 on the Atlantic coast,
Brazil (beach of Guajiru, Trairi, Ceara - 3°14'19"S and 39°13'52"W). The specimen is registered
in SinGen under the code A482D49, with free access to collection and use. The species has an
exsiccate (number 30.850) deposited in the herbarium Phycological from the Marine Sciences
Laboratory of the Federal University of Ceard (UFC). After collection, the algae were
transported to the Marine Algae Laboratory of the Department of Biochemistry and Molecular
Biology at UFC.

2.2 Animals

Male BALB/c mice (25-30 g) were obtained from the Department of Physiology and
Pharmacology Bioterium at UFPE, housed in temperature-controlled rooms, in a 12 h light/dark
cycle and free access to water and standard food. All experimental procedures were previously

approved by the Local Ethics Committee (Protocol No. 38/2021).

2.3 Proximate composition of B. seaforthii seaweed

After collection, the seaweed was thoroughly washed with running water to remove
sand, salt, contaminating organisms and epiphytes. Afterwards, the seaweed was washed with
distilled water and then dried at 25 °C for the proximate composition analysis. The protein,
lipid, ash, and moisture contents of the B. seaforthii was determined according to the
Association of Official Analytical Chemists standard protocolol (AOAC, 2000). The seaweed’s
carbohydrate content was determined through weight difference, as follows: Carbohydrate

content (%) = [100% — percentage of protein, lipid, ash and moisture].

2.4 Obtaining of the sulfated polysaccharide

The extraction of the sulfated polysaccharide was performed according to Farias et al.,
2000, with some modifications. Dried algae (5 g) was milled and suspended in 250 mL of 0.1
M sodium acetate buffer (pH 5.0) containing EDTA (5 mM), cysteine (5 mM) and papain for 6
h (60 °C). The material obtained was filtered and the sulfated polysaccharide was precipitated
by the addition of 16 mL of 10% cetylpyridinium chloride (CPC). The mixture was kept 24 h
at 25°C and then filtered again. After that, 500 mL of CPC (0.05%) and 100 mL of a 2 M
solution of NaCl/ethanol (100:15, v/v) were added to the polysaccharide sample. Finally, the
polysaccharide was precipitated with the addition of 200 mL of absolute ethanol. After
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incubation at 4°C for 24 h, the precipitate was filtered and washed with 80% ethanol, followed
by absolute ethanol and then Ilyophilized. The sulfated polysaccharide obtained from

Bryothamnion seaforthii is referred to as “SP-Bs”.

2.5 Chemical analysis
2.5.1. Determination of total carbohydrate and protein contents

The soluble carbohydrate content was estimated by the sulfuric acid-UV method using
D-galactose as standard (ALBALASMEH, BERHE, GHEZZEHEI, 2013). The protein content
was measured by the Bradford method, using bovine serum albumin (BSA) as standard

(BRADFORD, 1976).

2.5.2. CHNY/S analysis

The percentage of carbon, nitrogen, hydrogen and sulfur in SP-Bs was determined
according to Maciel et al., 2008 using a PerkinElmer 2400 Series II CHNS analyzer
(PerkinElmer, Waltham, MA, USA). The degree of sulfate group substitutions (DS sulfate) was
calculated using the percentage of sulfur and carbon atoms as described by Melo et al., 2002

using the following equation:

DS =4.5 (%S / %C)

2.6 Scanning electron microscopy

The polysaccharide was observed through scanning electron microscopy (SEM) as
described by Tang et al., 2017. SP-Bs was evaluated using e scanning electron microscope
(Quanta 450 FEG-FEI, USA). The lyophilized polysaccharide samples were coated with a thin
layer of gold and then examined under high vacuum conditions under an accelerating voltage

of 10 kV, using 150x, 500x, 1000x and 2000x magnifications.

2.7 Molecular weight determination

Gel permeation chromatography (GPC) was performed using an LC-20AD pump
(Shimadzu Co., Kyoto, Japan) with a medium containing a 1 mg/mL solution in 0.1 M NaNO3.
A differential refractometer was used as a detector (RID -10A, Shimadzu Co., Kyoto, Japan).
Peak molar mass (Mpk) was determined using a 7.8 x 300 mm PolySep Linear column
(Phenomenex, Torrance, United States) under an analysis flow of 1.0 mL/min. Pullulan samples

(P-82, Shodex Denko, Tokyo, Japan) with weights between 103-106 mg/mol were used as a
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standard to obtain the calibration curve:

Log Mw = 14.6827 — 1.06967Ve

Where Ve is the elution volume in mL. The linear correlation coefficient was 0.99.

2.8 FT-IR and NMR analysis

The FT-IR spectrum of PS-Bs (KBr pellets) was obtained on an IRTrace 100
spectrophotomer (Shimadzu Co., Kyoto, Japan) between 400 and 4000 cm-1. NMR spectra (1H
and 13C) of SP-Bs (2.5% solutions in D20) were obtained using a Bruker Avance DRX 300
Fourier transform spectrometer (Billerica, Massachusetts, USA). The analysis was carried out
at 70°C and sodium-3-(trimethylsilyl)propionate-2,2,3,3-d4 was used as an internal standard
(0.00 ppm). A distortionless enhancement by polarization transfer (DEPT 135) spectrum was

recorded using the pulse programs supplied with the apparatus.

2.9 Toxicity Study
2.9.1 Toxicity against Artemia sp. nauplii

The hatching of brine shrimp cysts was carried out in artificial sea water (3.5% salinity,
25 °C), with constant aeration and lighting for 48 hours. For the toxicity test, 10 nauplii of
Artemia sp. per tube were incubated for 24 hours with the SP-Bs samples. SP-Bs toxicity has
been tested at concentrations ranging from 31 to 1000 ug/mL. Saline solution was used as a
negative control and potassium dichromate (K2Cr207) as a positive control. The entire
experiment was performed in triplicate and the percentage of deaths was calculated according

to the equation below (MEYER et al., 1982).

Mortality (%) = Total Nauplii - Live nauplii x 100
Total nauplii

2.9.2 Acute toxicity assessment
2.9.2.1. Toxicity study

Male BALB/c mice (25-30 g) received the SP-Bs (2000 mg/kg, p.o.) or saline,
according to the Guide 407 of the OECD guidelines (OECD/OCDE, 2001). The animals were
observed for 14 days, their blood was collected, and some organs (liver, kidney, spleen, heart,

and lung) were weighed.
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2.9.2.2. Clinical Observations

The clinical and behavioral aspects of the animals were evaluated according to
Hippocratic screening on days 0 and 14, as described previously (MALONE, ROBICHAUD,
1962). The parameters analyzed included: body weight, motor activity, irritability, touch
response, tail grip, contortion, straightening, cyanosis, body tone, grip strength, ataxia, corneal
reflex, tremors, convulsions, Straub's tail, hypnosis, anesthesia, lacrimation, ptosis, urination,

defecation, piloerection, breathing and death.

2.9.2.3. Biochemical Parameters

Blood samples were obtained for biochemical analysis. The parameters analyzed were
albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase, creatinine, urea, glucose, and total cholesterol using standard commercial reagents
(Labtest®, Labtest Diagndstica SA, Lagoa Santa-MG, Brazil) according to the manufacturer's

guidelines.

2.9.2.4 Organ Weight
The relative organ weight was determined using the following formula: Relative organ

weight = (absolute organ weight / body weight) x 100 and the results were expressed in grams

per 100 grams of body weight (g/100g) (GIORDANI et al., 2015).

2.10 Antioxidant activity

2.10.1. Total antioxidant capacity

The SP-Bs total antioxidant capacity was based on the reduction of Mo (VI) to Mo
(V), as described by Prieto et al., 1999. Initially, 300 uLL of SP-Bs (0.125, 0.25, 0.5, 1, 2 and
4 mg/mL) were added to a 3 mL solution containing the following reagents: ammonium
molybdate solution (4 mM), sulfuric acid (0.6 M) and sodium phosphate (28 mM). After
90 min at 95 °C, the mixture was cooled and its absorbance was determined (695 nm). L-
ascorbic acid (AA) was used as positive control and its antioxidant potential was considered as
100% activity. All reactions were performed in triplicate and results were expressed as an

oxidation inhibition percentage, according to the following formula:

Total antioxidant capacity (%) = [(A1 — A2)/(Ao— A2)] x 100

where Ao = AA; A; = SP-Bs; and A; = blank
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2.10.2. Chelating ferrous ability

The SP-Bs chelating ability was determined according to the method of Chew et al.,
2008, with some modifications. Briefly, 1 mL of ferrous sulfate (0.1 mM) and 1 mL of ferrozine
(0.25 mM) were added to SP-Bs (0.125, 0.25, 0.5, 1, 2 and 4 mg/mL). After 10 min at room
temperature the absorbance was measured at 562 nm against a blank (distilled water and
reagents). Ethylenediaminetetraacetic acid (EDTA) was used as positive control. All reactions
were performed in triplicate and results were expressed as chelating activity percentage, as

shown below:

Chelating activity (%) = [Ao — (A1 — A2)/Ao] x 100

where Ag = FeSO4 + Ferrozine; A1 = SP-Bs or EDTA + FeSO4 + Ferrozine; and A;= SP-Bs or
EDTA without FeSO4 + Ferrozine

2.10.3. Hydroxyl radical scavenging activity

The SP-Bs hydroxyl radical scavenging activity was determined according to Cao et
al., 2008, with modifications. Briefly, the SP-Bs (0.125, 0.25, 0.5, 1, 2 and 4 mg/mL) was added
to a mixture containing 1 mL of the following reagents: H,O> (1 mM), ferrous sulfate (2 mM)
and salicylate (6 mM) and incubated at 37 °C for 15 min. The absorbance was measured at
520 nm and L-ascorbic acid (AA) was used as positive control. All reactions were performed

in triplicate and the hydroxyl radical scavenging percentage was calculated as follows:

Scavenging activity (%) = 1 — (A1 — A2) x 100

where Aj= SP-Bs; and A, = AA

2.11. Statistical analysis
Results were expressed as mean =+ standard error of the mean (S.E.M.) and analyzed
statistically through analysis of variance (ANOVA) followed by Bonferroni test. Differences

were considered for p values lower than 0.05.

3. Results and Discussion
3.1. Centesimal composition of B. seaforthii, obtaining the polysaccharide and basic chemical

analysis
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The dry biomass of B. seaforthii presented 75.05 £+ 0,21% of carbohydrates, 15.89 +
0.05% of proteins, 0.19 + 0.03% of lipids, 8.78 = 0.05% of ash and 0.09 + 0.05% moisture
(Table 1). Environmental parameters such as rainfall, solar radiation, water temperature and
salinity influence the proximate composition of seaweeds and promote variations in their
protein, carbohydrate, lipid, ash and fiber contents (MARINHO-SORIANO, FONSECA,
CARNEIRO, MOREIRA, 2006).

The high carbohydrate content (75.05 £ 0.21%) revealed by the proximate composition
of B. seaforthii places this agarophyte as a natural source of these polymers and favors
prospective studies of new carbohydrate-based products. Therefore, the enzymatic extraction
of the sulfated polysaccharide fraction from Bryothamnion seaforthii (PS-Bs) was performed,
which resulted in a yield of 9.2%. The yield and chemical characteristics of polysaccharides
can be altered according to the extraction method used (KANG et al., 2022)

PS-Bs is comprised of 91.4% total soluble carbohydrates and only traces of protein
contaminants were detected (<1). Elemental microanalysis of PS-Bs revealed contents of 30.92%
carbon, 0.07% nitrogen, 6.71% hydrogen and 4.64% sulfur (Table 1). This technique
corroborated with the protein dosage colorimetric test, as only traces of nitrogen were shown
in the sample. In addition, the degree of substitution for sulfate groups (DS sulfate) of SP-Bs
was 0.67. This value is similar to the one obtained for the sulfated polysaccharide from the red
seaweed Gelidiella acerosa (0.63) (CHAGAS et al., 2020). The sulfate content of the sulfated
polysaccharides of seaweed varies depending on the different environmental conditions to
which they are subjected (GOMEZ-ORDONEZ, JIMENEZ-ESCRIG, RUPEREZ, 2011). in
addition, multiple environmental stressors that prevail in aquatic environments with extremes

are the probable cause for the production of sulfated polysaccharides (LEE, HO, 2022).

3.3. Structural characterization of PS-Bs

Digital photographs of SP-Bs are shown in Fig 1 A (0, 1, 2, 3 and 4). In image 1Ay it
is possible to see that SP-Bs has a fibrous and soft texture. Figures 1A 1, 2, 3 and 4 show SP-
Bs at 150x, 500x, 1000x and 2000x magnifications, respectively. According to the
magnifications, it is possible to see that SP-Bs has a laminated morphology with short branched
chains distributed over most of the material. Furthermore, the higher the amplification used, the
clearer the presence of rough structures on the SP-Bs surface.

The chromatogram obtained by SP-Bs gel permeation chromatography is presented as
a polydispersed and homogeneous system (single peak) in 8.45 mL (Fig. 1B) representing a

peak molar mass (Mpk) of 74.4 kDa. SP-Bs has a low average molar mass when compared to



39

the polysaccharides isolated from other agarophytes, such as ones obtained from Gelidiella
acerosa (CHAGAS et al., 2020) and Gracilaria intermedia (COSTA et al., 2020) which weight
284.8 and 410 KDa, respectively.

The FT-IR spectrum of SP-Bs (Fig. 1C) exhibits the characteristic bands of an agaran-
like galactan, focusing on regions 1373, 1261, 1068, 931, 891 cm -1 . The band at 931 cm—1
represents 3,6-anhydrogalactose (GOMEZ-ORDONEZ, RUPEREZ, 2011), while the bands at
891 and 848 cm—1 are equivalent to the single bond (C-H) on the anomeric carbon of [-
galactose and B-D-galactose-4-sulfate, respectively (MELO, FEITOSA, FREITAS, PAULA,
2002). Furthermore, the presence of sulfate groups is represented by the bands at 1261cm—1
and 1373cm—1 (CHOPIN et al., 1993, SANCHEZ, MATULEWICZ, CIANCIA, 2022).

The 1H NMR spectrum of SP-Bs (Fig. 2A) exhibits characteristic peaks at 6 4.6, 6 5.1
and 6 5.2 which correspond to the anomeric protons of B-D-galactose (G), 3,6-a-L-
anhydrogalactose (LA) and a-L-Galp-6-sulfate (L6S), respectively. Furthermore, the 1H NMR
spectrum also showed signals at & 3.40 and 6 3.50, attributed to the methyl protons linked to C-
6 of B-d-galactose (G6M) and to C-2 of 3,6-anhydrogalactose. (LA2M), respectively. Previous
studies have also demonstrated this pattern of methylation in polysaccharides from other red
algae species (ROCHAS et al., 1986; ALENCAR et al., 2019; SANCHEZ, MATULEWICZ,
CIANCIA, 2022).

The 13C NMR spectrum of SP-Bs (Fig. 2B) shows peaks corresponding to the
anomeric carbons of B-D-galactose (8 104.6), 3,6-a-L-anhydrogalactose (6 100.5) and a- L-
Galp-6-sulfate (6 100.9). As in the 1H NMR spectrum, the 13C NMR spectrum also showed
the characteristic signal of methylation at ¢ 61.2, attributed to the methyl proton linked to the
C-6 of P-d-galactose (G6M) (COSTA et al., 2020). The DEPT experiment was used to
investigate the presence of oxymethylene groups in SP-Bs (Fig 2C). The DEPT spectrum shows
signals at 6 74.2, 6 68 and 0 63.8 due to CH2 protons.

3.4 Toxicological effect of PS-Bs

SP-Bs did nor exhibit toxicity against nauplii Artemia sp. In contrast, potassium
dichromate (positive control) showed a concentration-dependent toxicity response against
Artemia sp. (Fig. 3). The only concentration of SP-Bs that caused nauplii death was the highest
tested (1000 pg/mL), with a death percentage of only 20%. On the other hand, at the lowest
concentration (31 pg/mL), K2Cr207 caused the death of 60% of the nauplii. Given the above,

it is possible to conclude that even at the highest concentration tested, it was not possible to
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reach a lethal concentration capable of promoting the death of 50% of Artemia sp. This
toxicological bioassay is a simple, rapid and valid method for screening natural products and
establishes that isolated compounds are considered toxic with LC50 <1000 pg/mL (MEYER et
al., 1982).

In a complementary way, the toxicity experiments in mice corroborate the tests in
Artemia sp. The animals treated with SP-Bs did not show any change in the clinical and
behavioral parameters evaluated, compared to control group. Thus, no morbidity or mortality
was observed during the experimental protocol. In Hippocratic screening, physiological aspects
such as urination, defecation and breathing were not altered with the oral administration of SP-
Bs and reflex responses to the stimulus were preserved.

In accordance with the recommendations of the OECD Guideline 423, the limit dose
of 2000 mg/kg of SP-Bs was tested in mice and showed no toxic effects on neurobehavioral
parameters, vital organs, and its functions. Compared to control group, animals treated with SP-
Bs had normal responses to external stimuli and maintained important physiological functions
preserved. Moreover, the absence of lethality and signs of intoxication may indicate the safety
of the SP-Bs administration by oral route (MOREIRA et al., 2021).

Compared to saline group, animals that received SP-Bs had no significant changes in
biochemical parameters of hepatic (albumin, AST, ALT, alkaline phosphatase levels), renal
(creatinine and urea levels) or metabolic (total cholesterol levels) functions (Table 2).

Furthermore, different blood profile analyzes are routinely performed due to their
clinical and pathophysiological importance in identifying and monitoring the functional status
of organs and systems. In this way, it is known that enzymes produced in the liver and bile ducts,
such as ALT, AST and alkaline phosphatase, are hepatotoxicity markers (ANTOINE et al., 2009;
OWOIJUYIGBE et al., 2021).

In the present study, animals treated with SP-Bs showed no significant change in the
plasmatic levels of these markers, compared to control group, demonstrating that this molecule
did not promote damage to the epithelial cells of the bile ducts and hepatocytes, nor did it
change the hepatic synthesis function, evidenced by normal albumin levels (KAWAGUCHI et
al.,2021).

In this perspective, the kidneys were also evaluated in order to observe possible
changes in their excretory function. Serum urea and creatinine are important markers of renal
dysfunction and changes in their levels may indicate toxic effects on renal tubular cells (BUDU
et al., 2021; EZEJA, ANAGA, ASUZU, 2014). In our study, there were no significant

differences in the levels of these markers in animals treated with SP-Bs, compared to control
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group, demonstrating that SP-Bs administration does not change renal function.

Biochemical parameters of cell metabolism are important to assess physiological
status disturbance. In this line, our results showed that the total cholesterol levels of mice treated
with SP-Bs were not significantly different compared to control animals, suggesting that SP-Bs
administration has no toxic effect on lipid metabolism (BURSILL, ABBEY, ROACH, 2007).

The relative organ weight (liver, kidneys, spleen, heart, and lungs) of mice treated with
SP-Bs showed no significant difference compared to saline group (Table 2), there was also no
change in body weight gain during the experimental protocol. These parameters are important,
as organ weights are sensitive indicators of toxicity promoted by xenobiotics (PIAO, LIU, XIE,
2013).

Changes in the relative weight of major organs, such as liver and kidneys, may be
related to histopathological changes caused by different cytotoxic agents. These changes can be
directly caused by xenobiotics, such as changes in liver metabolism due to the destruction of
cells in this organ, or indirectly, due to malnutrition or atrophy induced by reduced water
consumption. (FARIA et al., 2020). In this perspective, our results contribute to confirm the
absence of toxic effect related to oral SP-Bs.

The macroscopic analysis revealed that the appearance of the organs of animals treated
with SP-Bs was remarkably similar to the control group (data not shown). The macroscopic
examination (liver, kidneys, spleen, heart, and lungs) did not reveal significant changes in the
location, shape, size, color, and texture of these organs according to morphological parameters

previously described (TRAN; TRAN, 2021).

3.5 Effects of PS-Bs in antioxidant activity

The antioxidant activity of B.seaforthii polysaccharide is shown in Fig. 4. The total
antioxidant capacity is measured through the formation of the phosphomolybdenum complex
(PRIETO, PINEDA, AGUILAR, 1999). The PS-Bs showed high activity in this test, with a
concentration dependent effect (0.125-4 mg/mL) and a total antioxidant activity in the range of
2.48-98.64 %. At the highest concentration (4 mg/mL), the PS-Bs showed a similar effect to
ascorbic acid (Fig. 5A). Moreover, the total antioxidant activity of PS-Bs was higher than other
sulfated polysaccharide from red algae, such as Solieria filiformis (62.4%), in the same
concentration (SOUSA et al., 2016).

In a study by Yang et al., (2011) the antioxidant potential of a native and a desulfated
polysaccharide from the red algae Corallina officinalis were compared. The results showed that

the native sulfated polysaccharide had better antioxidant activity, in the elimination and
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reduction of free radicals, when compared to the derivatives that had the sulfate groups removed
from the molecule. Therefore, the importance of sulfate groups for the total antioxidant activity
is well known, making it possible to justify the antioxidant potential of SP-Bs, since that
considerable sulfate amounts were observed by microanalysis. In addition, the FTIR and NMR
spectra also revealed the presence of these chemical groups in the structure of SP-Bs.

The evaluation of the ferrous ion chelation potential is an important parameter to be
investigated, due to the high reactive capacity of Fe2+, which can lead to lipid peroxidation
(CHUN-HUI, CHANG-HAI, ZHI-LIANG, YI., 2007). The PS-Bs showed the ability to inhibit
iron chelation in a concentration-dependent manner (0.125-4 mg/mL / 5.73-54.05 %) (Fig. 5B).
At the highest concentration tested, the sulfated polysaccharide showed a chelating activity of
56.65%.

Our results corroborate the fact that polysaccharides have antioxidant potential over
iron and copper ions, acting through the mechanism of inhibition of free radical generation and
not by the mechanism of elimination of these oxidizing agents (WANG, HU, NIE, YU, XIE,
2016). Furthermore, compounds containing in their structure more than one of the following
functional groups, -OH, -SH, -COOH, -PO3H2, -C = O, -NR2, -Sand -O-, are molecules with
promising iron chelation potential (GULCIN, 2006). The chemical and structural
characterization of PS-Bs confirms the presence of the functional groups, mentioned above, in
the chemical skeleton of the sulfated polysaccharide obtained from B. seaforthii.

Radical hydroxyl is a potent free radical that can strongly interact with a large number
of functional molecules, promoting strong cell damage tang et al., 2017. The SP-Bs (0.125-4
mg/mL) showed activity ranging from 13.79-72.27 % (Fig. 5C). At a concentration of 2mg/mL,
the sulfated polysaccharide inhibited the oxidation by 52,69%, demonstrating the efficacy of
the sulfated polysaccharide from B. seaforthii as an antioxidant of natural origin and without
chemical modification. In a previous work, it has been shown that the antioxidant activity on
the hydroxyl radical is significantly increased with increasing DS (WANG, HU, NIE, YU, XIE,
2016).

4. Conclusion

The sulfated polysaccharide from the seaweed Bryothamnion seaforthii (SP-Bs) was
characterized as a galactan-type sulfated agaran with laminated morphological characteristics.
SP-Bs are free from toxic effects and showed considerable antioxidant effect against different
types of radicals, revealing the potential of B. seaforthii polysaccharide as a natural molecule

for future applications in the pharmaceutical industry.
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Figure captions:

Fig 1. Photography, MEV, GPC and FTIR of B. seaforthii sulfated polysaccharide. (A)
Photography and SEM images at 150x, 500x, 1000x and 2000x magnifications (B) GPC curve
and (C) FTIR spectra (1400-700 cm™).

Fig. 2. NMR spectroscopy. (a) 1H, (b) 13C, and (c) DEPT of SP-Bs.

Fig 3. Toxicity of OS-Bs against nauplius of Artemia sp.

Fig 4. Effect of B. seaforthii sulfated polysaccharide in antioxidant activity. (A) Total
antioxidant capacity; (B) Iron chelating activity; (C) Hydroxyl radical scavenging activity.

Values are expressed in % Mean + S.E.M. (n = 3). ANOVA and Bonferroni test. Different letters

indicate significant differences (p < 0.05) compared to each other.
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Table 1

56

Centesimal composition from seaweed B. seaforthii, Chemical and CNH/S analysis of the SP-

Bs.

Centesimal composition

Sample Carbohydrates (%) Proteins (%) Lipids (%) Moisture (%) ash (%)
B. seaforthii 75.05+0,21 15.89 + 0,05 0.19+0,03 0.09 £ 0,05 8.78 £ 0,05
Chemical and CNH/S analysis
Sample Carbohydrate(%)* Protein(%)° Sulfate(%)° CNH/S analysis (%)°
C N H S
SP-Bs 91.45 <1 0.67 3192  0.07 6.71 4.64

2 determined according to Albalasmeh et al., (2013).
b determined according to Bradford (1976).

¢ determined by microanalysis according to Maciel ef al., (2008)
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Effect of a sulfated polysaccharide from B. seaforthii (SP-Bs) on the biochemical parameters

and relative organ weight of mice.

Parameter Saline SP-Bs
Biochemical parameters
Albumin (g/dL) 2.27+0.26 2.40+0.17
Alanine aminotransferase (U/L) 47.92+2.14 4527+ 1.71
Aspartate aminotransferase (U/L) 91.06 +2.14 85.99+2.90
Alkaline Phosphatase (U/L) 5422 +£5.05 56.27 £2.81
Creatinine (mg/dL) 0.30+0.03 0.27 £0.01
Urea (mg/dL) 48.33£2.95 47.42 £4.04
Total Cholesterol (mg/dL) 137.50 + 8.93 120.30 £ 6.51
Relative organ weight
Liver (g/100g) 5.088 £0.158 5410+ 0.186
Kidney (g/100g) 1.706 + 0.058 1.699 £+ 0.056
Spleen (g/100g) 0.374 £ 0.005 0.437 £+ 0.005
Lung (g/100g) 0.599 £ 0.042 0.668 = 0.052
Heart (g/100g) 0.561 £0.039 0.519 +0.040




