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RESUMO

A fortificacdo de alimentos com ferro tem sido um desafio, pois, na forma de sal, como é
comumente empregado, o mineral apresenta baixa biodisponibilidade e promove alteragdes
sensoriais e oxidacao lipidica. O presente trabalho objetivou sintetizar e caracterizar
complexos peptideo-Fe, utilizando FeCl. e FeSO4 como precursores de ferro, e estudar
possiveis efeitos da complexagao sobre o mineral em sua biodisponibilidade in vitro e efeito
pro-oxidante. Para sintetizar os complexos, foram usados como ligantes isolado proteico de
soro de leite (IPS), IPS hidrolisado com pancreatina e suas fragoes obtidas por ultrafiltracao
com membrana de corte molecular de 5 kDa. Os espectros de fluorescéncia dos ligantes
mostraram reducgao significativa na intensidade de emissao de fluorescéncia com aumento da
concentracao de ferro. Possivelmente, a mudanca de conformacdo do ligante durante o
processo de coordenacao do ferro levou a alteracdo do microambiente de residuos de
triptofano (Trp). A coordenagéao do ferro pelos ligantes, com ambas as fontes de ferro, ocorreu
principalmente por ligagdo bidentada com grupos carboxilicos, evidenciada por bandas
referentes aos modos vibracionais estiramento assimétrico e simétrico da ligagdo COO-Fe em
espectro infravermelho (IR). A fonte de ferro influenciou a estrutura do complexo,
possivelmente pela presengca dos contra-ions cloreto e sulfato, os quais exercem um
importante papel na conformacgéo do ligante e, consequentemente, do complexo formado. A
coordenagéao do ferro por todos os ligantes favoreceu a formagéo de complexos estaveis sob
digestao gastrointestinal in vitro, resultando em bioacessibilidade > 85% em todos os casos.
No entanto, os complexos sintetizados com peptideos de baixa massa molecular (MM<5 kDa)
e FeCl, resultaram em maior sintese de ferritina em células Caco-2 em relacao ao sulfato
ferroso. Esse fato sugere que a via de captacdo do ferro em sua forma complexada esta
relacionada néo sé a capacidade do complexo em proteger o ferro durante a passagem pelo
trato gastrointestinal e transporta-lo até as proximidades dos enter6citos, mas também a via
de absorcao convencional do ligante. A fonte de ferro influenciou sua biodisponibilidade in
vitro, possivelmente devido a diferengca de estrutura entre os complexos, evidenciando a
importancia da escolha da fonte de ferro. Além do aspecto da biodisponibilidade in vitro, a
complexacao do ferro resultou em redugcdo de seu efeito pro-oxidante, evidenciada pelo
decréscimo da formacdo de produtos primarios e secundarios da oxidacao lipidica em
emulsao éleo-em-agua, em relacdo a forma livre do mineral. Emulsées contendo complexos
peptideo-Fe apresentaram formacao de peréxidos e hexanal cerca de 60-80% e 85-100%
inferior ao observado para emulsdes contendo ferro na forma de sal, respectivamente. A
adicao dos complexos as emulsdes resultou em menor oxidacao lipidica possivelmente devido
a acao antioxidante dos peptideos e também a sua capacidade de manter o ferro coordenado
e, portanto, menos reativo. Os complexos peptideo-Fe apresentam-se, portanto, como
alternativa promissora para fortificagdo de alimentos ao invés do sulfato ferroso, um dos sais
mais utilizados nessa pratica. A aplicacdo do complexo peptideo-Fe apresenta potencial de
aumento da absorcao de ferro e reducao de seu efeito proé-oxidante. Assim, pode favorecer a
reducdo de alteracdes sensoriais indesejaveis nos produtos, diminuir os efeitos colaterais
associados ao ferro livre, bem como os danos oxidativos nas membranas celulares no
organismo.

Palavras-chave: fortificacdo de alimentos; deficiéncia de ferro; complexacdo de ferro;
peptideos do soro de leite; espectroscopia de infravermelho; digestao in vitro; estabilidade
oxidativa; GC-MS.



ABSTRACT

Food fortification with iron has been challenging, since in salt form, as commonly applied, iron
shows low bioavailability and promotes undesirable sensory changes and lipid oxidation. The
present work aimed to synthesize and characterize peptide-iron complexes using FeCl. or
FeSOs as iron precursor compounds, and to study possible effects of complexation,
concerning in vitro iron bioavailability and its pro-oxidant effect. To synthesize the complexes,
whey protein isolate (WPI), WPI hydrolyzed with pancreatin and its fractions obtained by
ultrafiltration using a 5 kDa cut off membrane, were used as ligands. The fluorescence spectra
of ligands showed dramatic decrease in fluorescence intensity as iron concentration increased.
Possibly, ligand conformation changes during the process of iron coordination led to changes
in tryptophan (Trp) microenvironment. Iron coordination by the ligands, for both iron sources,
occurred mainly through bidentate coordination mode with carboxyl groups, evidenced by
infrared (IR) bands assigned to the vibrational modes asymmetric and symmetric stretching of
COO-Fe bond. The iron source influenced the complex structure, possibly due to the
counterions chloride and sulfate, which exert a crucial role in the conformation of the ligand
and, consequently, the formed complex. Iron coordination by all the ligands favored the
formation of complexes stable under gastrointestinal in vitro digestion, leading to
bioaccessibility > 85% in all cases. Nevertheless, the complexes synthesized with low-
molecular-mass peptides (MM<5 kDa) and FeClzled to higher ferritin synthesis in Caco-2 cells
than ferrous sulfate. This fact suggests that the pathway of iron uptake in its complexed form
is related not only to the capacity to protect iron during gastrointestinal tract and to take it near
to the enterocyte, but also to the normal ligand pathway. The iron source influenced the in vitro
bioavailability, possibly due to the differences in complexes structures, evidencing the great
importance of the iron source choice. Besides the in vitro bioavailability aspect, iron
complexation led to decrease in its pro-oxidant effect, evidenced by the reduction of primary
and secondary lipid oxidation products formation in oil-in-water emulsions, in relation to the
mineral free form. Emulsions containing peptide-iron complexes showed peroxide and hexanal
formation around 60-80% and 85-100% lower than the emulsions containing iron in salt form,
respectively. The addition of peptide-iron complexes to the emulsions resulted in much lower
lipid oxidation possibly due to the antioxidant activity of the peptides and their capacity to keep
iron coordinated and therefore less reactive. The peptide-iron complex is therefore a promising
alternative for food fortification instead of ferrous sulfate, one of the most widely used salts for
this practice. The use of this complex shows potential to increase iron absorption and to
decrease its pro-oxidant effect. Thus, it can favor the reduction of undesirable sensory changes
in food products, diminish the side effects related to free iron, as well as the oxidative damages
in the cell membranes in the organism.

Keywords: food fortification; iron deficiency; iron complexation; whey peptides; infrared
spectroscopy; in vitro digestion; oxidative stability; GC-MS.
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1. Introducao

A anemia ferropriva, cuja principal causa é a deficiéncia de ferro, constitui um dos
principais problemas nutricionais no mundo. Apresenta consequéncias negativas do ponto de
vista de saude e também impactos no desenvolvimento econémico e social em muitos paises
(WHO, 2015). De acordo com a estimativa de 2011, feita pela Organizagdo Mundial da Saude
(OMS), cerca de 800 milhdes de criangas e mulheres, principais grupos vulneraveis, sao
afetadas pela anemia. Nesse mesmo ano, a maior prevaléncia de anemia foi em criangas,
aproximadamente 42% (WHO, 2015). A deficiéncia de ferro tem importantes consequéncias
para a saude humana e o desenvolvimento infantil: mulheres anémicas e seus filhos
apresentam alto risco de morte durante o periodo pré-natal; o desenvolvimento fisico e mental
de criangas é atrasado ou comprometido; e a capacidade de trabalho fisico e produtividade
de trabalhadores manuais podem ser reduzidas (Haas e Brownlie, 2001; Ren et al., 2011).

Sendo o ferro cofator de varias enzimas, muitos érgdos ou sistemas apresentam
alteracdes funcionais e estruturais quando o organismo nao recebe suficiente aporte do
nutriente. O ferro, como micronutriente essencial, est4 envolvido na formacao dos glébulos
vermelhos, transporte de O» e CO,, transferéncia de elétrons, reacdes de oxirreducao e
producdo de energia celular. Além disso, contribui na protegcdo ao sistema imunoldgico,
formacao de purinas, remocao de lipidios do sangue, producao de anticorpos, sintese de DNA
e divisdo celular (Lieu et al., 2001). A deficiéncia severa de ferro pode provocar alteragdes na
estrutura e fungbes de tecido epitelial, em especial da boca, lingua e estdmago. Ocasiona,
ainda, reducao da resposta imunoldgica, visto que o ferro € essencial para o desenvolvimento
e integridade do tecido linféide; podem ainda ocorrer altera¢des de termorregulagéo devido a
reducéo significativa de hormdnios tireoideanos, dentre outras altera¢cdes (Cook e Reusser,
1983; Dallman, 1989).

Desse modo, surge a necessidade de reduzir a prevaléncia dessa deficiéncia. A
OMS sugere a fortificacdo de alimentos como estratégia, a qual tem sido adotada em muitos
paises para alcancar as metas de controle de deficiéncias de micronutrientes, como o ferro
(WHO, 2015). Atualmente, aproximadamente 68 paises realizam fortificacdo obrigatéria de
farinhas (Quintaes et al., 2017). A Legislacao Brasileira, pela Resolugdo RDC n® 344, de 13
de dezembro de 2002, tornou obrigatéria a fortificacdo de farinhas de trigo e milho com ferro
(4,2 mg/100g) e acido folico (150 mcg/100g). A Legislagao permite a utilizagcdo de sulfato
ferroso desidratado, fumarato ferroso, ferro reduzido, ferro eletrolitico, etileno diamino
tetracético de sodio e ferro (NaFeEDTA), bisglicinato ferroso e outros compostos de
biodisponibilidade ndo inferior a dos compostos permitidos (Brasil, 2007).
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A fortificagdo de um produto amplamente consumido por toda a populagédo, como
a farinha, pode contribuir para a reducdo da prevaléncia da anemia. No entanto, se
considerarmos um publico especifico, que de fato necessite aumentar a ingestao e a absorgéao
de ferro, essa estratégia demanda maiores esforgos. Isso porque problemas recorrentes
associados a essa pratica podem comprometer a eficacia da fortificacao, sendo o principal
deles a reduzida biodisponibilidade do ferro (Sugiarto et al., 2009).

O ferro nos alimentos pode ser encontrado em duas formas: ferro heme e nao
heme. O ferro nao heme, ou ferro inorganico, por ndo ser estavel como o ferro heme, é
fortemente influenciado por outros componentes da dieta (Anderson e Frazer, 2005),
apresentando taxa de absorcdo inferior a 10% (Martinez-Navarrete et al., 2002).
Considerando que o ferro usado na fortificagdo é muitas vezes empregado em sua forma
inorgéanica, produtos fortificados podem, portanto, apresentar os mesmos problemas de baixa
biodisponibilidade. Desse modo, nos ultimos anos, tem-se buscado alternativas de ferro mais
biodisponivel para fortificacao de alimentos.

Por outro lado, além da biodisponibilidade, outro fator de extrema importancia
influencia a escolha do composto a ser usado. Um dos maiores desafios nessa escolha é a
relacdo biodisponibilidade versus estabilidade. Isso porque, na maioria das vezes, quanto
mais biodisponivel, mais reativo € o composto. Os compostos de ferro sollveis em meio
aquoso, 0s quais sdo mais biodisponiveis, geralmente promovem o desenvolvimento de cor e
odor indesejaveis no alimento, além de poder ocasionar rancidez em produtos lipidicos.
Compostos insoluveis, por outro lado, ndo causam altera¢des sensoriais, mas podem ser tao

pouco absorvidos a ponto de ndo apresentarem qualquer efeito nutricional (Hurrell, 2002).

O sulfato ferroso tem sido utilizado para controle da anemia ha muitos anos,
porém, devido ao fato de ser altamente reativo, promove alteragbes de cor e sabor nos
produtos em que € empregado, podendo ocasionar sua rejei¢cdo. Do ponto de vista bioldgico,
a reatividade do ferro pode catalisar a peroxidacao de lipideos de membranas biologicas,
inativacdo de enzimas e danos a estrutura do DNA (Uchida et al., 2006; Schimann et al.,
2007), além de promover efeitos colaterais no sistema gastrointestinal, como azia, dor
abdominal, nausea e diarreia (Mimura et al.,, 2008). Esses fatores associados levam a
diminuicao da eficacia do tratamento. Para a fortificacdo de alimentos, € crucial que o ferro
adicionado nao cause alteracdes sensoriais indesejadas no alimento, bem como efeitos
colaterais no organismo, além de ser bem absorvido. Desse modo, a eficacia da fortificacao

com esse mineral continua sendo um desafio.

Uma alternativa para reduzir os problemas associados a fortificagcao de alimentos

com ferro é a complexacéao do mineral, uma vez que micronutrientes organicamente ligados,
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incluindo o ferro, podem apresentar biodisponibilidade superior, sendo melhor absorvidos no
trato digestorio de humanos e de outros animais superiores (Davis et al., 2008). No entanto,
enquanto alguns compostos podem contribuir para manter o ferro em uma forma soluvel e
absorvivel, outros podem se ligar ao ferro fortemente e impedir sua absorgdo (Anderson e
Frazer, 2005). Sendo assim, a formagao de complexos com o ferro pode influenciar positiva
ou negativamente sua absor¢ado, dependendo das caracteristicas do complexo formado
(Kratzer e Vohra, 1986).

Outro aspecto da complexagao é como eles sdo formados. Complexos podem ser
formados durante a digestdo ou podem ja estar presentes no composto de fortificagédo. A
interacao do ferro com outros componentes da dieta pode formar complexos, os quais podem
aumentar ou diminuir sua absorcédo. Existem estudos que abordam a complexacéo do ferro
por peptideos durante o processo de digestao (Etcheverry et al., 2004; Argyri et al., 2007;
Argyri et al., 2009; Ou et al., 2010). Por outro lado, a complexacao do ferro previamente a
ingestao tem o objetivo de proteger o ferro ao longo do trato gastrointestinal e aumentar sua
absorcéo.

Existem compostos de ferro utilizados para fortificagdo em sua forma complexada,
como EDTA de sédio e ferro (NaFeEDTA), pirofosfato férrico ou bisglicinato ferroso.
Entretanto, estudos tém apontado complexos peptideo-Fe como uma alternativa promissora
(Kim et al., 2007; Sugiarto et al., 2009; Ueno et al., 2014; Caetano-Silva et al., 2015), com
potencial aumento de absor¢ao do mineral. A formagéao do complexo peptideo-Fe da-se pelo
compartilhamento de elétrons entre o metal e o ligante (Kratzer e Vohra, 1986), estabelecendo
uma ligacdo covalente coordenada, na qual o metal é o receptor de elétrons (Dewayne
Ashmead, 2001). A especificidade de formacao desses complexos é determinada pelo arranjo
espacial dos grupos funcionais dos aminoacidos na sequéncia dos peptideos. As interagoes
podem ser aumentadas ou diminuidas modificando-se os residuos de aminoacidos presentes

na sequéncia peptidica (Carlton Jr e Schug, 2011).

Diversas técnicas podem ser utilizadas para investigar a formagao de complexos
peptideo-Fe. O processo de complexacdo promove alteracées de conformacao do ligante
devido a interagcdo com os ions de metal e podem modificar a emissao de fluorescéncia de
residuos aromaticos, bem como o espectro de infravermelho dos ligantes (Zhou et al., 2012;
Liu et al.,, 2013; O'loughlin et al., 2015). Assim, essas técnicas sdo importantes ferramentas
para avaliagdo da estrutura de complexos peptideo-Fe.

As proteinas de soro de leite sdo uma fonte de grande interesse para obtengéo de
peptideos quelantes de ferro (Kim et al., 2007; Sugiarto et al., 2009; Zhou et al., 2012). Essas

proteinas apresentam elevado valor biolégico, elevada digestibilidade e rapida absorcao pelo
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organismo (Sgarbieri, 2004). Em trabalho anterior (Caetano-Silva et al., 2015), sequenciamos
peptideos com capacidade quelante de ferro presentes em fragdes de hidrolisado proteico de
soro de leite, obtidas sob as mesmas condig¢des utilizadas no presente trabalho. Dentre os 34
fragmentos identificados, 28 deles foram provenientes de 3 regides da proteina B-
lactoglobulina. Esses fragmentos foram previamente identificados como extremamente
resistentes a digestdo gastrointestinal (Picariello et al., 2010), o que sugere que podem
exercer importante papel na absor¢éao do ferro. Embora ainda ndo esteja claro o mecanismo
pelo qual o ferro na forma complexada é absorvido, sabe-se que é extremamente insollvel
em pH fisiolégico e fortemente influenciado pela presenca de inibidores na dieta, o que pode
restringir sua absorgao (Puig et al., 2005; Zhu et al., 2009). O ferro necessita, portanto, ser
protegido. Complexos formados com esses peptideos resistentes podem potencialmente
proteger o metal ao longo do trato gastrointestinal, favorecendo sua solubilidade e inibindo
sua reatividade.

A literatura apresenta diversas evidéncias de que a complexacao do ferro com
peptideos pode ser uma alternativa para a fortificacdo, utilizando-se diferentes matérias-
primas (Kim et al., 2007; Lee e Song, 2009; Huang et al., 2011; Torres-Fuentes et al., 2011;
Eckert et al, 2014). No entanto, ainda s&o escassos na literatura dados sobre a
biodisponibilidade do ferro na forma de complexos peptideo-Fe, bem como sobre a reatividade
do metal na forma complexada. Além disso, embora diferentes precursores de ferro venham
sendo utilizados na sintese dos complexos, ndo encontramos estudos que evidenciem o efeito
desses precursores na formagdo dos complexos, embora seja bem conhecido o papel de
diferentes ions na estrutura e interagdes de peptideos e proteinas (Zhang e Cremer, 2006). A
diferenca de estrutura poderia levar a uma diferenga na atividade biol6gica desses complexos.

Com base nas premissas apresentadas, o presente trabalho teve como objetivo a
sintese e caracterizacdo de complexos peptideo-Fe com diferentes precursores de ferro e o
estudo da hipétese dos dois principais efeitos da complexagao: aumento da biodisponibilidade

in vitro do ferro e redugéo de seu efeito pro-oxidante, em comparagéo a sua forma livre.
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2. Revisao bibliografica

2.1. Ferro e absorcao

O ferro € um micronutriente essencial, componente intrinseco da mioglobina,
hemoglobina, citocromos e diversas enzimas (Luo e Xie, 2012). Atua como regulador, ativador
e controlador de varias reagcdes enzimaticas (Ren et al, 2011). Entre suas fungdes, tém
destaque a formagao dos glébulos vermelhos, transporte de O> e CO,, transferéncia de
elétrons, reacdes de oxirreducao e producao de energia celular. Além dessas fungoes, o ferro
contribui na protecao ao sistema imunolégico, formagao de purinas, remocao de lipidios do
sangue, producao de anticorpos, sintese de DNA e divisao celular (Lieu et al., 2001).

Os niveis de ferro no organismo de mulheres e homens correspondem a
aproximadamente 35 e 45 mg/kg de massa corporal, respectivamente (Lieu et al., 2001).
Desse total, 60 a 70% estdo presentes na hemoglobina; 10% na mioglobina, citocromo e
enzimas que contém ferro; e os 20 a 30% restantes estdo presentes na forma de reserva
como ferritina e hemossiderina (Conrad et al., 1999). Quanto ao local, 30% estao no figado,
30% na medula éssea e o restante no bago e musculos (Fomon, 1993). A absorcéo de ferro
corresponde a aproximadamente 1 mg/dia em homens e 2 mg/dia em mulheres. Mulheres
apresentam maior requisicao de ferro a fim de repor sua perda em periodo menstrual e
fornecer ferro suficiente para o desenvolvimento do feto durante a gravidez (Anderson e
Frazer, 2005).

O ferro nos alimentos poder ser encontrado em duas formas: ferro heme e néo
heme. O ferro heme é derivado principalmente da hemoglobina e mioglobina, sendo assim
encontrado em dietas ricas em produtos carneos. Ele é eficientemente absorvido no intestino
delgado e relativamente inalterado por outros componentes da dieta devido a sua maior
estabilidade (Anderson e Frazer, 2005). Aproximadamente 30-70% do ferro encontrado na
carne € ferro heme, cuja taxa de absorcdo é 15-35% (Monsen, 1988). A quebra da
hemoglobina e mioglobina libera o ferro na forma heme, correspondendo a 1/3 do total de
ferro oriundo da dieta (Grotto, 2008). Ja o ferro nao heme ou ferro inorgénico € encontrado
em quase todos os alimentos, mas principalmente em alimentos de origem vegetal. O ferro
nao heme, por nao ser estavel como o ferro heme, é fortemente influenciado por componentes
da dieta (Anderson e Frazer, 2005), apresentando taxa de absorcao inferior a 10% (Martinez-
Navarrete et al., 2002). Alguns compostos podem contribuir para manter o ferro soluvel e
absorvivel, enquanto outros podem se ligar ao ferro fortemente e impedir sua absorgao
(Anderson e Frazer, 2005).
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A rota de absorcdo de ferro tem sido exaustivamente estudada, sendo um
processo altamente regulado e que responde as necessidades do organismo (Anderson e
Frazer, 2005). Embora pequenas quantidades de ferro sejam perdidas por esfoliagcao da pele,
bile e urina, diferentemente da maioria dos micronutrientes essenciais, ndo existe um
mecanismo de excregao do ferro (Gulec et al., 2014). Devido principalmente a essa limitagao,
a regulagao da absorgédo desse mineral tem um papel fundamental na manutengéo de sua
homeostase (Zoller et al.,, 2001), a fim de permitir a absorgdo exata para suprir as
necessidades de ferro. A eficiéncia desse processo depende das reservas organicas e da taxa
efetiva da eritropoiese (formagao de glébulos vermelhos), além de fatores exdgenos, havendo
aumento da absorcdo na deficiéncia e diminuicdo na sobrecarga. O nivel 6timo de
armazenamento de ferro é de cerca de 1g. Quando os niveis estdo abaixo desse valor, a

absorcao de ferro € estimulada (Finch, 1994).

A mucosa duodenal é o primeiro lugar de absorcao do ferro em mamiferos (Benito
e Miller, 1998; Krishnamurthy et al., 2007), na qual o enterécito exerce um papel primordial
(Trinder et al., 2002). As células do epitélio intestinal possuem um lado apical, que fica em
contato com o lumen intestinal e componentes da dieta, e um lado basolateral, em contato
com o sangue (Fuqua et al., 2012). A Figura 1 ilustra a via de absorgéo do ferro heme e nao
heme pelos enterdcitos. O primeiro passo da absorcao de ferro inorganico proveniente da
dieta € o transporte do ferro do lumen intestinal para o interior dos enterdcitos e esse
transporte envolve uma proteina de membrana chamada transportador de metal divalente
(DMT-1) (Gunshin et al., 1997; Anderson e Frazer, 2005). Essa proteina parece ser especifica
para metais divalentes. Desse modo, outros metais que competem pelo mesmo mecanismo
de absorgéo, como o célcio, podem diminuir a absorgéo de ferro (Cozzolino, 1997; Guo et al.,
2014).

Proteinas reguladoras do ferro dentro do citoplasma do enterdcito sdo capazes de
regular a expressao de DMT-1 (Anderson e Frazer, 2005), a qual sera regulada para mais em
humanos com deficiéncia de ferro e para menos em humanos com sobrecarga de ferro (Zoller
etal.,2001). Uma enzima com atividade ferro redutase chamada citocromo b duodenal (Dcytb)
foi identificada préxima a membrana do enterdcito e presume-se que sua funcao seja reduzir

o Fe** a Fe?*, permitindo sua absorgao (Mckie et al., 2001).

Uma vez dentro do enterécito, uma das vias do ferro é ser armazenado na forma
de ferritina. A molécula de ferritina consiste de uma proteina de massa molecular (MM) de 480
kDa, a qual possui 24 subunidades de MM de cerca de 19 kDa. Cada molécula de ferritina
pode estocar até 4300 atomos de ferro (Fomon, 1993). A ferritina € a principal proteina

intracelular de armazenamento de ferro em todos os tecidos de mamiferos. Por armazenar o
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ferro em uma forma nao catalitica mas biologicamente acessivel, protege as células contra

danos oxidativos (Mackenzie et al., 2008).
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Figura 1. Via de absorcdo do ferro pelos enterécitos. Dcytb: ferroredutase; DMT-1:
transportador de metal divalente-1; HCP-1: proteina transportadora do heme-1; Nu: nucleo;
HFE: proteina da hemocromatose; TfR: receptor da transferrina.

Fonte: Grotto (2008), p. 391.

Devido as diferencas quimicas, os mecanismos de absorcao de ferro heme e nao
heme na superficie apical do enterdcito sdo distintos. O ferro heme parece ser transportado
pela membrana da borda em escova via uma proteina especifica (provavelmente HCP 1)
(Anderson e Frazer, 2005). Em seguida, o grupo heme é separado do ferro pela heme
oxigenase 1 e o ferro liberado entra na mesma via do ferro ndo heme (Raffin et al., 1974).
Quando existe a necessidade imediata do ferro absorvido, outra via possivel é ser
transportado para fora da célula via ferroportina. A ferroportina € uma proteina encontrada na
membrana basolateral de enterdcitos, responsavel pela passagem do ferro dos enterdcitos
para a circulagcao (Anderson e Vulpe, 2009). Essa proteina transporta o ferro em sua forma
ferrosa. A ferroxidase de membrana, hefaestina, € entdo responsavel pela conversao do ferro
de sua forma Fe?* para Fe3*, a fim de permitir sua ligagdo com a transferrina (Grotto, 2008;
Fuqua et al., 2012), principal proteina extracelular de ligagdo ao ferro. Essa proteina é
responsavel pelo transporte do ferro até os tecidos nos quais o micronutriente é necessario
(Frazer e Anderson, 2014).
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O transporte de ferro pode ser reprimido por um peptideo produzido pelo figado,
denominado hepcidina, o qual funciona como um bloqueador da captagédo de ferro pelos
enterécitos e inibidor da liberacdo de ferro armazenado (Gulec et al, 2014). Estimulos
associados ao aumento de absor¢cdo de ferro, como eritropoiese, baixos niveis de
armazenamento de ferro e gravidez, reduzem a expressao desse peptideo. Do mesmo modo,
sua expressao é aumentada em situagdes nas quais a absorgéo de ferro é reduzida (Nicolas
et al, 2002). Frazer et al. (2002) demonstraram que a expressao desse peptideo é
inversamente proporcional a expressao dos transportadores DMT-1 e ferroportina.

2.2. Deficiéncia de ferro e fortificacao

Sendo o ferro componente essencial de varias enzimas, muitos 6rgaos ou
sistemas apresentam alteracdes funcionais e estruturais quando o organismo néo recebe
suficiente aporte do nutriente. A deficiéncia desse mineral é definida como o estado no qual o
individuo néao possui ferro suficiente para manter normais as fungdes fisioldgicas dos tecidos,
tais como sangue, cérebro e musculos (WHO, 2007). Em adultos, pode levar a diminuicao da
resisténcia, e em criancas, ao comprometimento cognitivo (Guo et al.,, 2014). No caso de
deficiéncia severa, podem ocorrer alteracées na estrutura e funcdes de tecido epitelial, em
especial da boca, lingua e estdbmago, reducdo da resposta imunoldgica, alteracbes de
termorregulagéo, dentre outras alteragées (Cook e Reusser, 1983; Dallman, 1989).

A deficiéncia desse mineral resulta em diversas alteragdes metabdlicas, sendo um
dos principais problemas nutricionais no mundo. A deficiéncia de ferro € a principal causa de
anemia, a qual apresenta graves consequéncias na area da saude, mas também um grande
impacto no desenvolvimento social e econdmico dos paises (WHO, 2015). Embora sua
prevaléncia seja maior em paises em desenvolvimento, & também um grave problema de
saude em paises desenvolvidos, especialmente para os grupos de risco, como idosos,
pacientes pds-cirurgia bariatrica, criangcas, mulheres gravidas e mulheres em idade fértil
(Shankar et al., 2010; Pavord et al., 2012; Christides et al., 2015). Segundo a Organizacao
Mundial da Saude (OMS), 800 milhdes de criancas e mulheres sdo afetadas pela anemia no
mundo todo. Em 2011, a maior prevaléncia de anemia foi em criangas, cerca de 42,6% (WHO,
2015).

A fortificacdo de alimentos € uma das estratégias sugeridas pela OMS para o
controle de deficiéncia de micronutrientes, como o ferro (WHO, 2015). Essa estratégia tem
sido empregada em regides onde a prevaléncia da deficiéncia de ferro ainda é alta
(Mazariegos et al., 2004). Alimento fortificado é todo alimento adicionado de vitamina (s) e/ou

mineral (is), com o objetivo de reforgar o seu valor nutritivo e/ou prevenir ou corrigir deficiéncia
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(s) demonstrada (s) em um ou mais nutrientes na alimentagéo da populagdo ou em grupos
especificos da mesma, para fins de programas institucionais ou para fins comerciais. Para
classificar um produto como fortificado, no Brasil, € necessario que a porgao de 100 mL ou
100 g do produto pronto para consumo fornega, no minimo, 15% ou 30% da ingestao diaria
recomendada (IDR) de referéncia, para liquidos ou soélidos, respectivamente (Brasil, 1998).

A fortificagdo de alimentos pode ser classificada em obrigatéria, direcionada ou
voluntaria. Atualmente, aproximadamente 68 paises realizam a fortificagdo obrigatéria de
farinhas (Quintaes et al., 2017). No Brasil, a fortificagéo de farinhas de trigo e milho com ferro
e acido folico é obrigatéria desde junho de 2004. A Resolugdo RDC n? 344, de 13 de dezembro
de 2002, estabelece as quantidades minimas desses nutrientes que devem ser adicionadas
as farinhas: 4,2 mg de ferro por 100 g de farinha e 150 mcg de acido félico por 100 g de farinha
(Brasil, 2007). Para suplementacao de farinhas com ferro, a Legislacao Brasileira permite a
utilizagdo de sulfato ferroso desidratado, fumarato ferroso, ferro reduzido, ferro eletrolitico,
etileno diamino tetracético de sdédio e ferro (NaFeEDTA), bisglicinato ferroso e outros
compostos de biodisponibilidade n&o inferior a dos compostos permitidos (Brasil, 2007). No
Brasil, o ferro eletrolitico esta entre os compostos mais utilizados para fortificacao de farinhas
(dos Santos et al., 2015).

Enquanto a fortificacao obrigatéria, como estratégia para reduzir a prevaléncia de
anemia, é feita em produtos consumidos por toda a populacao, a fortificacdo de alimentos
direcionada tem como objetivo aumentar a ingestdo e absorgdo de ferro por grupos
especificos da populagéo (Dary et al., 2002). O Programa Nacional de Suplementagéo de
Ferro, instituido pela Portaria n® 730 de 13 de maio de 2005, enquadra-se nessa categoria,
sendo uma das estratégias da Politica Nacional de Alimentacdo e Nutricdo para o combate
da deficiéncia de ferro no Brasil. O programa consiste na suplementacdo medicamentosa de
sulfato ferroso para todas as criangas de 6 a 24 meses de idade, gestantes e mulheres até 3°
més pos-parto e/ou pos aborto. A fonte de ferro utilizada é o sulfato ferroso e a dosagem é de
1 mg/kg peso para criangas e 40 mg para gestantes e puérperas, administrado diariamente
(Brasil, 2013).

A fortificacao voluntaria, por sua vez, consiste na acao da industria de adicionar
micronutrientes voluntariamente a produtos processados dirigidos a crian¢gas com mais de trés
anos de idade e adultos (Dary et al., 2002). De acordo com a Agéncia Nacional de Vigilancia
Sanitaria (ANVISA), o nutriente adicionado deve estar presente em concentragées que nao
impliguem ingestéo excessiva ou insignificante, considerando as quantidades derivadas de
outros alimentos da dieta e as necessidades do consumidor a que se destina. Além disso,
deve-se considerar a probabilidade de ocorréncia de interacées negativas com nutrientes ou

outros componentes presentes no alimento. O nutriente adicionado deve ser seguro,
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biodisponivel e ndo deve alcangar niveis terapéuticos no alimento em que foi adicionado
(Brasil, 1998). Independentemente do tipo de fortificacdo com ferro, essa pratica pode resultar
em indmeros problemas associados, como oxidagcdo lipidica, alteragcdes sensoriais
indesejaveis e baixa biodisponibilidade. Sua eficacia depende da resolugdo desses
problemas, fazendo com que seja um desafio (Sugiarto et al., 2009; Guo et al., 2014).

Varios compostos estdo disponiveis para utilizagdo em fortificagédo de alimentos
com ferro. A escolha do composto de ferro € geralmente baseada em boa solubilidade,
auséncia de precipitados e estabilidade de pH. Os sais de ferro apresentam diferenca de
solubilidade, sendo o cloreto ferroso dos mais sollveis, seguido do sulfato ferroso; fumarato
ferroso é fracamente soluvel (Cayot et al., 2013). Geralmente, quanto mais solluvel a forma de
ferro, mais disponivel é esse sal. No entanto, alguns sais sao rapidamente oxidados logo apés
sua solubilizacdo, como é o caso do cloreto ferroso, o que é facilmente observado pelo
aparecimento da coloracao laranja (Cayot et al., 2013). A oxidacao do ferro para seu estado
férrico pode prejudicar sua absorgao. Fatores que solubilizem o ferro e 0 mantenham em sua
forma ferrosa no meio digestivo podem favorecer a captacao do ferro pelas células intestinais,
aumentando sua biodisponibilidade (Hurrell et al., 2004).

O ferro é o micronutriente mais desafiador para ser incorporado em produtos, pois
0s compostos que apresentam maior biodisponibilidade tendem a ser os que interagem mais
fortemente com componentes da dieta e, consequentemente, levam a alteragdes indesejaveis
nos alimentos (WHO/FAQO, 2006). Por exemplo, os compostos de ferro soliveis em agua séo
mais biodisponiveis, mas geralmente promovem o desenvolvimento de cor e odor
indesejaveis no alimento, além de poder ocasionar rancidez em produtos lipidicos. Compostos
insoluveis, por outro lado, ndo causam alteragdes sensoriais, no entanto, podem ser tdo pouco
absorvidos a ponto de ndo apresentarem qualquer efeito nutricional (Hurrell, 2002; Wortley et
al., 2005). A Tabela 1 apresenta as principais caracteristicas de compostos de ferro
comumente utilizados para fortificagdo de alimentos, recomendados pela Organizagédo
Mundial da Saude (OMS) (WHO/FAQ, 2006). Para a maioria das matrizes, os compostos mais
utilizados incluem sulfato ferroso ou fumarato ferroso. Pirofosfato férrico e ferro eletrolitico em
pd tém sido utilizados, mas necessitam ser adicionados em quantidade 2 vezes superior ao
sulfato ferroso. Bisglicinato ferroso, pirofosfato férrico micronizado e citrato de aménio férrico

tém sido utilizados para fortificacao de leite e produtos lacteos (Garcia-Casal, 2014).
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Tabela 1. Caracteristicas de compostos de ferro comumente utilizados para fortificagao de

alimentos: solubilidade, biodisponibilidade e custo.

Conteudo de Biodisponibilidade

Custo relativo®

Composto
ferro (%) relativa® (por mg de ferro)

Soluveis em agua
eptanidratado 20 100 1.0
Sulfato ferroso anidro 33 100 1,0
Gluconato ferroso 12 89 6,7
Lactato ferroso 19 67 7,5
Bisglicinato ferroso 20 >100° 17,6
]%i;[:ieétc()) de aménio 17 51 44
(EN[;TFA(; ggﬁg‘)’”o e ferro 13 ~100° 16,7
Fracamente soltveis em agua, soltveis em acido diluido
Fumarato ferroso 33 100 2,2
Succinato ferroso 33 92 9,7
Sacarato férrico 10 74 8,1
Insoluveis em agua, fracamente soluveis em acido diluido
Ortofosfato férrico 29 25-32 4,0
Pirofosfato férrico 25 21-74 4,7
Ferro elementar

reduzido 96 13-148¢ 0,5

eletrolitico 97 75 0,8

carbonila 99 5-20 2,2
Formas encapsuladas
Sulfato ferroso 16 100 10,8
Fumarato ferroso 16 100 17,4

@ Relativo ao sulfato ferroso heptahidratado (FeSO4.7H20) em humanos adultos.

b Relativo ao sulfato ferroso anidro. O custo por miligrama de ferro de sulfato ferroso anidro e hidratado é similar.

¢ A absorgao é 2-3 vezes superior se o conteddo de fitato do alimento for alto.

dOs valores altos sdo referentes a particulas de tamanho diminuto, as quais foram utilizadas apenas em estudos

experimentais.

Fonte: adaptado de World Health Organization/Food and Agriculture Organization (WHO/FAO), 2006, p. 98.

O sulfato ferroso € um dos sais mais utilizados na fortificagcdo de alimentos. Dentre

0s sais, apresenta maior biodisponibilidade, sendo utilizado como uma referéncia para

ensaios experimentais (Quintaes et al., 2017). Esse sal é largamente empregado na

fortificacao de farinhas (Hurrel et al., 2010). Entretanto, seu uso esté relacionado a efeitos
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adversos como azia, dor abdominal, nausea e diarreia (Mimura et al., 2008). Estudos relatam
que esse sal pode promover a formacdo de radicais livres, 0os quais podem iniciar a
peroxidacao de lipideos de membranas bioldgicas, inativagao de enzimas e danos a estrutura
do DNA (Uchida et al., 2006; Schimann et al., 2007). Além disso, esse sal pode ter efeito
negativo nos produtos em que é adicionado, podendo causar alteragbes de cor, sabor
metalico e precipitagdo em produtos como cereais infantis, bebidas de frutas, molho de peixe
e infusbes (Hurrell, 2002). A forma encapsulada do sulfato ferroso ou fumarato ferroso, na
qual o ferro é fisicamente separado de outros componentes dietéticos, pode apresentar
biodisponibilidade equivalente ao sal na forma livre e retardar ou prevenir alteragoes
sensoriais. Esses compostos sdo geralmente utilizados em férmulas e cereais infantis,

predominantemente em paises industrializados (WHO/FAQ, 2006).

Um dos compostos utilizados para suplementacéo de ferro tem sido o bisglicinato
ferroso, composto patenteado pela empresa Albion Laboratories (Clearfield, Utah, EUA) sob
a marca Ferrochel®. A literatura mostra dados contraditérios quanto a biodisponibilidade
desse composto: similar ao sulfato ferroso (Fox et al., 1998; Yeung et al., 2002; Wortley et al.,
2005) ou de 2 a 4,7 vezes superior a esse sal (Bovell-Benjamin et al., 2000; Layrisse et al.,
2000), dependendo da matriz na qual foram estudados. E um suplemento de alto custo
(Quintaes et al., 2017) e pode promover alteracdes sensoriais indesejaveis, o que pode limitar
sua aplicagao (Hurrell, 2002).

O composto etileno diamino tetracético (EDTA) é um quelante hexadentado,
capaz de se ligar a qualquer metal da tabela periédica. O complexo formado com atomos de
ferro e sédio, EDTA de sédio e ferro (NaFeEDTA), é organolepticamente aceito e estavel em
cereais sob condicées normais de armazenamento (Wortley et al., 2005). Esse composto
pode aumentar a biodisponibilidade do ferro em cereais matinais, possivelmente devido a
habilidade do EDTA de manter o ferro complexado em condi¢des gastricas de baixo pH. Uma
vez no intestino, em condigéo de pH neutro, o ferro se dissocia da molécula de EDTA e entra
nas células intestinais pelo seu mecanismo normal de absor¢édo (Bothwell e Macphail, 2004)
ou pode interagir com componentes que estiverem no lumen (Wortley et al., 2005),

comprometendo sua absorgao.

Para a fortificacdo de alimentos, € crucial minimizar alteracbes sensoriais
indesejadas promovidas pelo ferro. De mesma importancia, porém possivelmente mais
desafiador, é a adicao de uma forma de ferro biodisponivel. Excecao a regra de quanto mais
biodisponivel, mais reativo, podem ser os complexos de ferro e ferro microencapsulado, nos
quais o ferro é protegido por meios fisicos ou quimicos (Fairweather-Tait e Teucher, 2002).
Assim, a complexagdo do ferro apresenta-se como uma alternativa para elevar sua

biodisponibilidade, além de potencialmente prevenir seu efeito pré-oxidante. Ainda que a
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biodisponibilidade de compostos complexados seja equivalente ao sulfato ferroso, por
exemplo, sua principal vantagem consiste em potencialmente melhorar a qualidade
organoléptica e reduzir o efeito inibidor de absorgao exercido por alguns compostos, como os
fendlicos (Wortley et al., 2005).

2.3. Complexacao do ferro

Micronutrientes organicamente ligados, incluindo o ferro, podem apresentar
biodisponibilidade superior, sendo melhor absorvidos no trato digestério de humanos e de
outros animais superiores (Davis et al., 2008). Isso porque, sob certas condigdes, a ligagdo
do mineral a um composto organico promove a formacao de um complexo, o qual protege o
micronutriente de interacdes quimicas que ocorrem durante o processo digestivo (Gligic et al.,
2004). A formacao de um complexo é resultado do compartilhamento de elétrons entre um
metal e um ligante (Kratzer e Vohra, 1986). Ligantes podem ser considerados como bases de
Lewis, as quais podem compartilhar um par de elétrons com metais, nesse caso tidos como
acidos de Lewis. Assim, o composto de coordenacéao € formado como resultado da interacao
de um &cido de Lewis com uma base de Lewis (Kratzer e Vohra, 1986).

A doacéao do par de elétrons, proveniente do mesmo atomo do ligante, ao ion de
metal estabelece uma ligagdo covalente coordenada (Dewayne Ashmead, 2001). O ligante
pode apresentar um ou mais sitios de coordenacgao disponiveis, garantindo que o metal seja
parte de uma estrutura biologicamente estavel devido as ligacdes coordenadas. Para que a
reacdo de complexagao ocorra, algumas condigdes devem ser satisfeitas: 1) o ligante deve
conter grupos funcionais capazes de estabelecer liga¢cdes covalentes e coordenativas; 2) o
complexo deve ser estericamente possivel; 3) a reagdo de complexagcao deve ser
energeticamente possivel (Ashmead, 2001). Uma vez complexado, as caracteristicas fisico-
quimicas do metal se alteram. Os componentes do complexo compartiiham propriedades
entre si, porém, conservando propriedades exclusivas (Bell, 1977).

Tanto a forma di- quanto a trivalente do ferro possuem alta afinidade de ligacéo a
proteinas e outros agentes complexantes, em pH ao redor do neutro. Diversos compostos
podem formar complexos com o ferro, como carboidratos, fibras, fitatos, aminoacidos,
peptideos e proteinas. A interagdo metal-ligante pode impedir o metal de se ligar a agua,
resultando em menor formagéao de hidréxidos férricos com potencial aumento da solubilidade
e biodisponibilidade do ferro (Zhu et al, 2009), enquanto a sua estabilidade mantém a
qualidade e aparéncia do alimento (Megias et al., 2007). No entanto, enquanto alguns
compostos podem contribuir para manter o ferro em uma forma soluvel e absorvivel, outros

podem se ligar ao ferro fortemente e impedir sua absorcido (Anderson e Frazer, 2005).
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Portanto, a formagao de complexos pode influenciar positiva ou negativamente a absorgao de
ferro no organismo, devido as caracteristicas dos complexos formados (Kratzer e Vohra,
1986), por isso a importancia de estuda-las.

Em um complexo, a estrutura atémica, ligagées covalentes ou iénicas, bem como
ligagbes nas esferas de coordenagado dos metais e dos ligantes e seus estados de oxidacao,
podem influenciar a biodisponibilidade do mineral (Cozzolino, 1997). O mecanismo pelo qual
0 agente de complexagdo melhora a utilizagdo do mineral depende da capacidade do ligante
sequestrar o mineral ou da sua maior habilidade em competir com outros ligantes no trato
gastrointestinal (Kratzer e Vohra, 1986). Franzan (2006), em experimentos de reposicao de
hemoglobina em ratos, concluiu que, no complexo, a forca de ligagcdo deve ser
suficientemente forte para impedir sua complexacdo com outros ligantes, tendo que ser,
porém, suficientemente fraca para que possa ser mobilizado por carreadores presentes na
parede dos enterdcitos. Entretanto, ainda nao esta claro se o ferro na forma complexada é
transportado através da membrana da mucosa intestinal pelo mecanismo DMT-1 e também
se o ferro € liberado de seus ligantes antes ou durante o processo de absorcao (South e Miller,
1998; Zhu et al., 2006).

2.4. Peptideos ligantes de ferro

O ferro pode interagir com diversos componentes da dieta durante a digestéao e
formar complexos, os quais podem aumentar ou diminuir a absorcdo do mineral. Alguns
compostos, como o &cido fitico, podem formar complexos insoliveis com o mineral,
comprometendo sua absorgao (Lazarte et al., 2015). Em contrapartida, peptideos resultantes
da hidrélise enzimética de proteinas sdo considerados ligantes ideais de ferro, pois
apresentam a capacidade de formar complexos sollveis e que podem favorecer a absorgéao
do mineral. A literatura apresenta diversos estudos que abordam a complexac¢ao do ferro por
peptideos durante o processo de digestao (Etcheverry et al., 2004; Argyri et al., 2007; Argyri
et al., 2009; Ou et al., 2010).

Por outro lado, complexos peptideo-Fe podem ser sintetizados antes da ingestéo,
com o0 objetivo de proteger o ferro ao longo do trato gastrointestinal e aumentar sua
biodisponibilidade. Nos ultimos anos, muitos autores tém estudado o tipo de ligante, a fonte
de ferro e as condi¢des de sintese dos complexos com esse enfoque (Sugiarto et al., 2009;
Torres-Fuentes et al., 2011; De La Hoz et al., 2014; Huang et al., 2014; Zhang et al., 2014;
Caetano-Silva et al., 2015). A ligagao dos peptideos a ions metalicos é baseada na interagao
entre um grupo doador de elétrons presente na superficie do ligante (peptideo) e um ion

metalico (receptor de elétrons), que apresente um ou mais sitios de coordenacao acessiveis,
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assegurando que o metal se torne parte de uma estrutura biologicamente estavel (Ueda et al.,
2003).

O pH exerce importante influéncia na capacidade de ligagdo dos peptideos ao
ferro (Lin et al., 2000). A ligacao de coordenagao entre peptideo e metal é favorecida quando
grupos ionizaveis doadores de elétrons presentes nos residuos de aminoacidos da
biomolécula estao parcialmente desprotonados, ou seja, quando estdo em condi¢do na qual
o valor de pH é superior ao do pKa dos grupos ionizaveis (Porath, 1990). Embora a formacao
de ligagao covalente coordenada seja condi¢do para a existéncia do complexo, outros tipos
de interacdes podem interferir na estabilidade de complexos peptideo-metal, como forgas de
Van der Waals, interacdes hidrofdbicas e ligacdes de hidrogénio (Faa e Crisponi, 1999; Eckert
etal., 2016).

A especificidade de formacao desses complexos é determinada pelo arranjo
espacial dos grupos funcionais dos aminoacidos na sequéncia dos peptideos. As interacoes
podem ser aumentadas ou diminuidas modificando-se os residuos de aminoacidos na
sequéncia peptidica (Carlton Jr e Schug, 2011). Estudos de complexos peptideo-Fe mostram
que o principal sitio de ligacao corresponde, primariamente, aos grupos carboxilicos (Chaud
et al., 2002; Lee e Song, 2009; Huang et al., 2011), embora o nitrogénio do grupo €-amino da
lisina, do grupo guanidina da arginina e do grupo imidazol da histidina possam também estar
envolvidos na ligagédo (Reddy e Mahoney, 1995; Chaud et al., 2002; Torres-Fuentes et al.,
2012). Residuos de prolina, ainda que nao participem diretamente da coordenagdo com o
ferro, exercem um papel essencial ao promover o dobramento da molécula peptidica,
favorecendo a conformacao estrutural em anel com o ion de ferro (Eckert et al., 2016). A
capacidade dos peptideos de coordenar o ferro depende ainda de outros fatores, como
estrutura do peptideo, efeitos estéricos e massa molecular (Carrasco-Castilla et al., 2012).

Varias fontes de proteina tém sido utilizadas para obtencédo de peptideos com
capacidade ligante de ferro. Peptideos oriundos de hidrolisados proteicos de origem animal
(leite, caseina, soro de leite, subprodutos de camardo, musculo de frango, musculo de
anchova, plasma de sangue suino, queijo) ou vegetal (espirulina, soja, gréo de bico, cevada)
mostraram capacidade de ligar o ferro (Seth e Mahoney, 2000; Vegarud et al., 2000; Chaud
et al., 2002; Lund e Ardd, 2004; Kim et al., 2007; Kim et al., 2007; Lee e Song, 2009; Lv et al.,
2009; Ou et al., 2010; Huang et al., 2011; Ren et al., 2011; Torres-Fuentes et al., 2012; Wu
et al., 2012; Huang et al., 2014; Kim et al., 2014; Zhang et al., 2014; Caetano-Silva et al.,
2015; O'loughlin et al., 2015; Eckert et al., 2016).
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2.5. Proteinas do soro de leite

Dentre as fontes proteicas para obtencao de peptideos com capacidade de ligagao
de ferro, se destacam as proteinas de soro de leite como uma fonte de grande interesse (Kim
et al., 2007; Sugiarto et al., 2009; Zhou et al., 2012), pois apresentam elevado valor biolégico,
elevada digestibilidade e rapida absorgao pelo organismo (Sgarbieri, 2004). Do ponto de vista
da composicao aminoacidica, as proteinas do soro atendem as recomendagdes para todas
as idades, e quase todos 0os aminoacidos essenciais superam as recomendagdes da FAO
(FAO/WHO, 1990), exceto os aminoacidos aromaticos fenilalanina e tirosina.

As proteinas do soro de leite estao entre as proteinas funcionais mais empregadas
em formulacdes alimenticias (Kazmierski e Corredig, 2003). Constituem um grupo bastante
diversificado de proteinas com caracteristicas estruturais bem diferentes (Wong et al., 1996).
As principais proteinas do soro do leite sdo 3-lactoglobulina (B-Lg), a-lactoalbumina (a-La) e
albumina de soro bovino (BSA) e suas concentragdes no leite bovino séo 3,2 g/L, 1,2 g/L e
0,4 g/L, respectivamente (Kazmierski e Corredig, 2003; Sgarbieri, 2005). As duas primeiras
constituem 70 a 80% das proteinas totais do soro. Além delas e da BSA, sdo encontradas
também lactoferrina, imunoglobulinas, protease-peptonas, transferrina e enzimas (Sgarbieri,
1996).

A B-Lg constitui cerca de 50% das proteinas do soro, sendo a principal proteina
dessa fragdo. Possui MM igual a 18,36 kDa para a variante genética A e 18,28 kDa para a
variante B, contendo 162 residuos de aminodacidos, um grupo tiol (-SH) e duas pontes
dissulfeto intramolecular (-S-S) (Sawyer et al., 2002). A a-La, proteina monomérica globular,
contém 123 residuos de aminoéacidos e MM de 14,2 kDa e representa aproximadamente 25%
das proteinas do soro. Sua molécula de forma elipsoide apresenta quatro pontes dissulfeto.
Sua propriedade mais caracteristica é a forte tendéncia de formar associagbes em pH abaixo
de seu ponto isoelétrico (Sgarbieri, 2005). A BSA, proteina globular soluvel em agua,
apresenta MM de 66,4 kDa e constitui cerca de 5% do total de proteinas do soro. Possui cerca
de 580 residuos de aminodcidos (Sgarbieri, 2005), presenca de grupo sulfidrila livre e 17
pontes dissulfeto (Morr e Ha, 1993).

As proteinas do soro apresentam agdes fisiolégicas in vivo (Sgarbieri, 2004), além
de modularem uma variedade de funcodes, tais como a imunoldgica, atividade linfocitaria,
secrecao de citocinas, produgao de anticorpos e atividade fagocitaria (Saint-Sauveur et al.,
2008). A hidrélise dessas proteinas pode modificar suas propriedades fisicas, quimicas e
funcionais, sem prejudicar seu valor nutritivo, melhorando, particularmente, suas
caracteristicas de absorcao intestinal (Gonzalez-Tello et al., 1994). Os peptideos gerados, ao

atingirem o intestino delgado, apresentam alta taxa de digestdo e absorcédo, elevando
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rapidamente a concentragdo aminoacidica do plasma e estimulando a sintese de proteinas
nos tecidos (Boirie et al., 1997). Além disso, hidrolisados proteicos de soro de leite tém sua
funcionalidade destacada devido a bioatividade de seus peptideos (Kim et al., 2007), a qual
tem sido amplamente estudada nos ultimos anos (Zhou et al., 2012). Dentre as bioatividades
desses peptideos, pode-se destacar atividade antihipertensiva (Gobbetti et al., 2004),
imunomodulatéria (Mercier et al., 2004), anticarcinogénica (Marshall, 2004) e carreadora de
minerais (Kim e Lim, 2004).

Sugiarto et al. (2009), estudando a constante de ligagcao ao ferro de proteinas de
duas diferentes fontes, concluiram que a proteina de soro de leite possui 8 sitios de ligagao
ao ferro. O processo de hidrélise resulta no aumento de sitios de ligagao disponiveis, seja
pelos grupos carboxilicos terminais, originados apds a quebra de ligagdes peptidicas, seja
pela exposicédo de sitios de ligacdo antes ocultos na estrutura da proteina.

2.6. Caracterizacao da interacao peptideo-Fe

2.6.1.Espectroscopia de Fluorescéncia

Muitas proteinas contém residuos de aminoacidos intrinsicamente fluorescentes,
triptofano (Trp), tirosina (Tyr) e fenilalanina (Phe), dentre os quais, o Trp € o mais Util no estudo
de conformacao de proteinas (Royer, 2006). O Trp apresenta maior rendimento quantico, isso
€, capacidade de emitir mais fotons quando retorna ao seu estado fundamental apés excitagéo
a uma camada de maior energia (Kim e Kinsella, 1986). A fluorescéncia desses residuos é
sensivel a polaridade do microambiente (Eftink, 2006), apresentando menor emissao e menor
rendimento quantico em um meio mais polar (Agyare e Damodaran, 2010). A alteragdo de
conformagéo de proteinas também modifica a intensidade de emisséo de fluorescéncia de
residuos de Tyr e Phe; porém, o baixo rendimento quantico desses aminoécidos, assim como
a auséncia de sensibilidade ao ambiente, faz com que sejam Tyr e Phe menos Uteis do que o
Trp (Royer, 2006).

As propriedades fluorescentes de aminoacidos aromaticos em proteinas,
especialmente o Trp, podem ser usadas para o estudo de interagdes entre proteinas e outros
compostos (Mazerolles et al., 2001), as quais podem acarretar a alteragdo ou extingdo da
emissdo de fluorescéncia. Extingdo de fluorescéncia se refere a qualquer processo que
diminua a intensidade de emissdo de fluorescéncia como resultado de uma variedade de
interacdes moleculares, incluindo rearranjos moleculares, transferéncia de energia e formacao

de complexo no estado fundamental (Lakowicz, 2006; Royer, 2006).
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O processo de complexacdo promove alteragées de conformacdo do ligante
devido a interacao com ions do metal, resultando em alteragdo da emissao de fluorescéncia
de residuos aromaticos (Zhou et al., 2012). Na avaliacdo de espectros de fluorescéncia de
complexos Fe-hidrolisado de B-lactoglobulina, Zhou et al. (2012) observaram redugao ou
extincdo de fluorescéncia enddgena de aminoacidos aromaticos devido a ligagdo dos
peptideos ao ferro. A fluorescéncia se mostra uma importante ferramenta para o estudo da
interacao peptideo-Fe, entretanto, a literatura ainda apresenta poucos resultados sobre as

transformagdes conformacionais em decorréncia dessa complexagao.

2.6.2.Espectroscopia de Infravermelho

A espectroscopia de absorcao vibracional no infravermelho (do inglés, Infrared
Spectroscopy, IR), técnica que se baseia na absorcao de radiacdo devido a vibracdes entre
atomos da molécula (Haris e Chapman, 1995), tem sido utilizada para obtencdo de
informacbes a respeito da estrutura conformacional de peptideos e proteinas. Uma das
maiores vantagens da utilizagdo dessa técnica para o estudo de estrutura conformacional é
que o espectro de peptideos pode ser obtido em uma ampla faixa de ambientes (Haris e
Chapman, 1995), tornando possivel o acompanhamento de alteracbes na estrutura
secundaria dos peptideos em decorréncia da variacao do meio (Waterhous e Johnson, 1994).

A regiao do espectro IR de 1800 a 800 cm™ é de grande utilidade na analise de
proteinas (Al-Jowder et al., 1999), pois € a faixa de absorg¢ao das ligagées que formam o grupo
amida (C=0, N-H e C-N) (Van Der Ven et al., 2002). Existem vérias vibragées do modo Amida,
mas a Amida | é a banda de absorgao mais intensa em proteinas (Montalvo et al., 2010) e
utiizada para andlise de estrutura de peptideos. Esse modo vibracional se origina
principalmente do estiramento da ligagdo C=0 e sua absorg¢ao ocorre na regido de 1600-1700
cm™' (Haris e Chapman, 1995). A banda Amida Ill envolve a combinagao dos movimentos de
flexdo da ligacao N-H no plano e estiramento da ligacao C-N, sendo sensivel a conformacgao.
A banda Amida A ¢é atribuida ao estiramento da ligacdo N-H. Essa banda néo é dependente
da conformagao da molécula, mas € muito sensivel a forga das ligagdes de hidrogénio: varia
entre 3225 e 3285 cm para ligagcdes de hidrogénio entre 2,69 e 2,85 A (Krimm e Bandekar,
1986). Ligagbes de hidrogénio podem estabilizar estruturas de proteinas e peptideos e a
espectroscopia vibracional € uma ferramenta que permite avaliar a influéncia dessas forgas.
De modo geral, ligagbes de hidrogénio reduzem a frequéncia de vibragbes de estiramento,

mas aumenta a frequéncia de vibragdes de flexao (Colthup et al., 1990).

A interacao de ions metalicos com grupos funcionais do ligante pode ocasionar

alteragdes nos espectros IR do ligante livre, como deslocamento e/ou mudancga de intensidade
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relativa de bandas referentes a determinados grupos funcionais, como carboxilatos e amidas
(Zhou et al., 2012; Zhao et al., 2014). Desse modo, qualquer alteragao na molécula promovida
pela complexagao pode ser avaliada pelo deslocamento do maximo de absor¢ao das bandas,
quando comparados os espectros do material proteico sozinho e complexado ao ferro. A
espectroscopia IR tem sido amplamente utilizada para avaliar altera¢gées conformacionais em
grupos funcionais de peptideos como resultado de interagées desses grupos com ions de
metal apds reacao de complexacao (Chaud et al., 2002; Huang et al., 2011; Zhou et al., 2012;
Liu et al., 2013; Wang et al., 2014; O'loughlin et al., 2015).

Zhou et al. (2012) caracterizaram complexos peptideo-Fe de hidrolisado de (-
lactoglobulina pela técnica IR. Os autores observaram nos espectros dos complexos o
alongamento da ligacdo em alguns sitios, como ligacées amida, além do aparecimento de
bandas que indicam a coordenacéo dos atomos C-O-Fe na formacao do complexo. Wang et
al. (2011) também observaram que a banda referente a ligacao amida no espectro IR alterou-
se significativamente apdés a complexacdo, contribuindo para a formagdo da ligacao
coordenada C-O-Fe. O'loughlin et al. (2015), analisando o espectro IR de peptideos do soro
de leite (MM < 1 kDa) com e sem FeSO4 no meio de reacdo, observaram alteragbes de
caracteristicas estruturais devido a interacao molecular entre sulfato ferroso e a fragdo do
hidrolisado, relacionados tanto com a complexacdo peptideo-Fe quanto com interacdes
aminoacido-Fe. Wang et al. (2011) concluiram que os principais sitios de ligagdo em
hidrolisado de caseina yak consiste de grupos carboxilicos e grupos amida.

2.6.3.Analise térmica

As técnicas termoanaliticas sao interdisciplinares, sendo Uteis em varios setores
cientificos e tecnoldgicos. Analise térmica € definida como um grupo de técnicas onde a
propriedade fisica de uma substancia € monitorada em fung¢édo da temperatura, enquanto a
substancia é submetida a um programa controlado de temperatura (Giolito e lonashiro, 1988;
lonashiro et al., 2005). As técnicas mais amplamente difundidas sdo a Termogravimetria (TG)
e a Andlise Térmica Diferencial (DTA), seguidas de Calorimetria Exploratéria Diferencial
(DSC) e Analise Termomecénica (TMA) (lonashiro et al, 2005). No caso da analise
termogravimétrica, a propriedade medida é a variagdo de massa da amostra em fungao do
aumento de temperatura. Essa técnica pode ser usada para avaliagdo de processos de
decomposigao, desidratagao, oxidagao (Haines, 1995). As curvas de variacao de massa em
funcdo da temperatura permitem o estudo da estabilidade térmica da amostra, sua

composicao, estabilidade dos compostos intermediarios e composicao de residuo (lonashiro
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et al., 2005). Assim, a andlise termogravimétrica € uma importante ferramenta para avaliar a

estrutura de complexos metélicos e a resisténcia das ligagées que o formam.

A DTA é uma técnica térmica de medicao continua das temperaturas da amostra
e de um material de referéncia termicamente inerte a medida que ambos vao sendo aquecidos
ou resfriados em um forno. Essas medi¢des de temperatura sdo diferenciais, pois registra-se
a diferenca entre a temperatura da referéncia Tr, e a da amostra Ta, ou seja (Tr — Ta = AT),
em funcao da temperatura ou do tempo. A DTA permite acompanhar os efeitos da temperatura
associados com alteragdes fisicas ou quimicas da amostra. Em geral, transicbes de fase,
desidratacoes, redugdes e certas reagdes de decomposicao produzem efeitos endotérmicos,
enquanto que cristalizagoes, oxidagoes, algumas reacdes de decomposicao produzem efeitos
exotérmicos (lonashiro et al., 2005).

2.7. Biodisponibilidade do ferro e células Caco-2

O ferro, apesar de abundante em varios alimentos, tem sua biodisponibilidade
altamente restringida por sua extrema insolubilidade em pH fisioldégico (Puig et al., 2005) e
fortemente influenciada pela presenca de promotores e/ou inibidores provenientes da dieta
(Zhu et al., 2009). A redugao da solubilidade do ferro pela condigao alcalina do intestino é um
dos principais fatores que contribuem para a baixa biodisponibilidade do ferro (Scheers e
Sandberg, 2008), uma vez que o mineral necessita estar na forma soluvel para ser absorvido
(Fidler et al., 2004). Por ser uma pré-condi¢cdo para sua absor¢do, o primeiro passo para
avaliar a biodisponibilidade do ferro é representado pela sua bioacessibilidade, ou seja, sua
solubilidade no trato intestinal (Cilla et al., 2008).

Fisiologicamente, a bioacessibilidade pode ser definida como o mineral liberado
da matriz durante a digestao gastrointestinal que se torna disponivel para ser absorvido pelo
intestino (De Lima et al., 2014). Wang et al. (2011) afirmaram que complexo hidrolisado de
caseina-Fe pode ser mais biodisponivel do que o sulfato ferroso devido a maior solubilidade
do ferro em condigbes alcalinas em relagcdo ao sal. De fato, a solubilidade de complexos
peptideo-Fe pode afetar significativamente a bioacessibilidade do ferro para captagdo no
lamen (O'loughlin et al., 2015), embora nao implique em ferro efetivamente biodisponivel.

A biodisponibilidade de um nutriente, por sua vez, pode ser definida como sua
acessibilidade aos processos metabdlicos e fisioldgicos normais. A biodisponibilidade esta
relacionada ao efeito benéfico de um nutriente em niveis fisiol6gicos de ingestao, mas também
pode afetar a natureza e a gravidade da toxicidade quando a ingestdo for excessiva

(Cozzolino, 2007). Desse modo, a fragdo biodisponivel de um nutriente é a que foi
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efetivamente absorvida e esta disponivel para uso nos processos metabélicos ou deposigao
em compostos de armazenamento (Argyri et al., 2011).

Inicialmente, os estudos de biodisponibilidade consideravam a subtracdo da
fracdo excretada da fragdo ingerida de determinado nutriente como fragao biodisponivel,
porém a fragdo enddgena do nutriente ndo era considerada, ndo sendo possivel medir com
precisdo a quanto ela correspondia (Cozzolino, 1997). Nos Ultimos anos, outros métodos
foram desenvolvidos para a avaliagdo da absorgéao desse mineral.

Métodos in vivo avaliam a biodisponibilidade de um determinado nutriente
mediante a administracdo do mesmo a um organismo vivo. Sdo métodos caros, longos e
trabalhosos. Além disso, apresentam grande variabilidade, devido as diferengas entre
individuos, como estado nutricional e metabdlico. Dentre esses métodos, destaca-se a
utiizacdo de is6topos, o0s quais permitem a obtencdo de dados confidveis de
biodisponibilidade de minerais, onde o elemento quimico é marcado radioativamente e
posteriormente analisado em diversos materiais biolégicos. No entanto, isétopos radioativos
podem apresentar problemas do ponto de vista ético, enquanto is6topos estaveis sdo mais
caros (Wienk et al., 1999). Modelos animais oferecem uma avaliacao fisiolégica, mas nao
predizem de forma confiavel a absorcdo em humanos (Reddy e Cook, 1991; Wortley et al.,
2005), principalmente devido a diferengas no metabolismo animal e humano, o que faz com
que, muitas vezes, os resultados ndo possam ser extrapolados. Reddy e Cook (1991)
demonstraram que ratos sdo menos sensiveis do que humanos a fatores dietéticos que

influenciam a absor¢ao de ferro ndo heme.

Estudos in vitro, como bioacessibilidade, dialisabilidade e cultura de células,
oferecem alternativas aos estudos in vivo, como uma maneira de obter uma melhor
compreensdo da absor¢cdo de compostos (Rocha et al., 2012). Métodos in vitro sao mais
baratos, mais rapidos e mais simples (Becker, 1999), além de permitirem o controle das
condigdes experimentais e evitarem possiveis efeitos devido a diferencas interindividuais.
Esses métodos baseiam-se na simulagao da digestao gastrointestinal, com adicdo de enzimas
de modo sequencial, simulando as diferentes etapas do processo digestivo (Hur et al., 2011).
Métodos in vitro podem simular as condicées fisico-quimicas da digestdo gastrointestinal,
como pH, temperatura, solubilidade, tempo de incubagdo, embora nao seja possivel
reproduzir com exatidao as condigoes fisioldégicas como tempo de transito no intestino, efeito
da microflora intestinal e metabolismo hepatico (Wienk et al., 1999; Fairweather et al., 2007;
Fernandez-Garcia et al., 2009).

A fracdo solluvel ap6s esse processo € denominada fracdo bioacessivel e

representa a fracdo do nutriente que esta disponivel para ser absorvido. A presenca de um
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componente vivo pode estimar de modo mais exato a fragao que sera, de fato, captada pelas
células. A camada de células epiteliais do intestino representa a barreira limitante para o
transporte e absorgdo de compostos entre o limen e o interior do corpo. Assim, modelos de
cultura de células in vitro permitem a avaliagdo de absorcao e processos de transporte ativo
e passivo através do epitélio intestinal (Lea, 2015). O uso de cultura de células Caco-2 tem
provado ser um modelo Util para o estudo de biodisponibilidade do ferro em alimentos (Zhu et
al., 2009), apresentando boa correlagdo com estudos de absor¢do de farmacos e outros
compostos apos ingestao oral em seres humanos (Lea, 2015). Diversos autores referem-se
ao termo biodisponibilidade in vitro em ensaios nos quais se mede a captagao de ferro em
cultura de células Caco-2 (Cilla et al., 2008; Zhu et al., 2009; Etcheverry et al. 2012; Garcia-
Nebot et al., 2013; Lv et al., 2014; Flores et al., 2015; Rodriguez-Ramiro et al., 2017).

As células Caco-2 sdo uma linhagem de células de adenocarcinoma humano, que
sofrem diferenciacdo espontdnea (Glahn et al., 1996), com formagdo de monocamada
polarizada e expressao de diversas caracteristicas morfolégicas e funcionais de enterécitos
maduros (Rousset, 1986; Artursson, 1990; Glahn et al., 1996; Gan e Thakker, 1997). Dentre
elas, destaca-se a expressdo da maioria dos receptores, transportadores e enzimas
metabolizadoras de farmacos como a aminopeptidase, esterase e sulfatase encontradas no
epitélio normal (Lea, 2015). Células Caco-2 apresentam propriedades de enterdcitos maduros
quando alcangam a confluéncia, definida pela organizagao das células em uma monocamada
polarizada, unides celulares estreitas e formagao de domas e enzimas préprias da membrana

da borda em escova (Pinto et al., 1983).

Uma das vantagens do modelo é a rapida multiplicagéo celular (Balimane et al.,
2000). A diferenciagdo em enterocitos maduros ocorre em um determinado periodo de tempo,
o qual pode variar em fungcdo das condi¢c6es de cultura e de niumero de repiques, cuja faixa
6tima esta entre 28 e 65 (Briske-Anderson et al., 1997). O tempo p6s-semeadura geralmente
varia entre 10 e 30 dias, dependendo da finalidade do experimento. As células Caco-2 podem
ser cultivadas em suporte poroso de policarbonato, poliéster ou tereftalato de polietileno (Lea,
2015). A confiabilidade do estudo utilizando esse modelo depende da uniformidade e
integridade da monocamada celular polarizada e confluente. A integridade da monocamada
pode ser verificada de diferentes formas, como pela medicdo da resisténcia elétrica
transepitelial ( Transepithelial Electrical Resistance - TEER) ou pela medigao da passagem do

corante fluorescente Lucifer Yellow (Lea, 2015).

Em comparagdo com o epitélio intestinal normal, o modelo de células Caco-2
apresenta algumas limitagcdes. Por exemplo, o epitélio normal contém mais de um tipo de
célula, ndo apenas os enterécitos. Além disso, uma série de parametros nao celulares pode

afetar a absor¢do de um determinado composto in vivo. Assim, embora as células Caco-2 em
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geral sejam uma excelente ferramenta para estudar as propriedades de absorgdo de
compostos no epitélio intestinal, é preciso ser cauteloso na extrapolagédo de dados para a
situacao in vivo (Lea, 2015).

Uma medida indireta de absorgao de ferro que tem sido largamente empregada é
a determinacao da sintese de ferritina por células Caco-2 (Scheers e Sandberg, 2008; Zhu et
al., 2009; Pullakhandam et al., 2011; Garcia-Nebot et al., 2013; Lv et al., 2014; Flores et al.,
2015; Eckert et al., 2016; Rodriguez-Ramiro et al., 2017). Glahn et al. (1998) concluiram que
a sintese de ferritina se correlaciona com a entrada de ferro em células Caco-2, uma vez que
o ferro é armazenado na forma de complexo com essa proteina. A concentragao de ferritina
pode ser facilmente medida via imunoensaio, eliminando a necessidade de radiomarcacao do

ferro para determinacao de sua biodisponibilidade.

A combinacao da digestao in vitro e captacdo de ferro pelas células Caco-2
oferece um sistema versatil para predizer os efeitos da alimentacdo e/ou condicbes de
digestao na absorgéo do ferro celular (Glahn et al., 1996). Esse modelo mede a solubilidade
do ferro em adicdo a medida de sua permeacao por meio da monocamada de células Caco-
2. Proporciona vantagens em relacao a utilizacéo da digestao in vitro de forma isolada, a qual
mede apenas a solubilidade do ferro, ndo sendo uma medicdo completa de sua
disponibilidade (Glahn et al., 1998). Obviamente, estudos in vitro ndo substituem os resultados
de estudos in vivo, mas podem funcionar como um preditivo bastante Gtil no estudo da

absor¢cdo de compostos.

Zhu et al. (2009) avaliaram a biodisponibilidade in vitro do ferro, por digestao in
vitro associada a cultura de células Caco-2, na forma de pirofosfato férrico soluvel (SFP), sais
de ferro e compostos quelatos, utilizando a formacao de ferritina como marcador da absorgéao
de ferro. Os autores observaram maior biodisponibilidade in vitro na forma de SFP em
comparagio aos demais compostos estudados, e sugeriram que o Fe** do SFP seja reduzido
a Fe?* e dissociado do pirofosfato e citrato para ser absorvido em sua forma iénica, na borda
em escova do intestino delgado. De acordo com Wortley et al. (2005), estudos comparativos
entre absorgdo de ferro em humanos e em modelo de cultura de células Caco-2, com
avaliacao da sintese de ferritina, suportam a hipétese de que o modelo in vitro € um bom

indicador do metabolismo de ferro em humanos.

Embora a literatura apresente evidéncias de que a complexagéao do ferro por
peptideos possa ser uma alternativa para fortificacdo de alimentos com ferro (Kim et al., 2007;
Megias et al., 2007; Storcksdieck et al., 2007; Lee e Song, 2009; Huang et al., 2011; Torres-
Fuentes et al, 2011), raros estudos conduziram a avaliagdo da biodisponibilidade de

complexos peptideo-Fe (Wang et al., 2014; Eckert et al., 2016). Ainda faltam informacdes a
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respeito do efeito da complexagédo peptideo-Fe na absor¢cdo do mineral, especialmente no
que tange o uso de diferentes fontes de ferro e a compara¢gdo com compostos comumente
utilizados para fortificagao.

2.8. Efeito pré-oxidante do ferro e oxidacao lipidica

A natureza bivalente do ferro, capacidade de passar do estado ferroso (Fe?*) para
o estado férrico (Fe®*), € uma das principais caracteristicas responséaveis pela relevancia
biologica desse mineral (Mackenzie et al., 2008). Entretanto, essa mesma propriedade esta
intrinsicamente relacionada a formagao de radicais livres catalisada pelo ferro, podendo
resultar em peroxidacao de lipideos de membranas e danos a estrutura do DNA (Mackenzie
et al., 2008).

A incorporacao de ferro em sistemas complexos como produtos alimenticios induz
varios problemas, como oxidacao e precipitacéo, e, assim, biodisponibilidade reduzida (Hurrell
et al, 2004). A oxidacao lipidica & a principal causa de deterioracdo em alimentos
emulsionados, ocorrendo geralmente na interface 6leo/agua. Em produtos fortificados, a
oxidacéao lipidica é fator chave na qualidade e vida de prateleira (Coupland e Mcclements,
1996).

A oxidacao lipidica pode ser definida como uma cascata de eventos bioquimicos
resultante da agédo de radicais livres, espécies capazes de existéncia independente que
contenham um ou mais elétrons desemparelhados (Halliwell, 1987), sobre lipideos
insaturados, gerando principalmente radicais alquila (L¢), alcoxila (LO¢) e peroxila (LOQO¢)
(Benzie, 1996). As reacdes de oxidacdo apresentam trés etapas: iniciagdo, propagacao e
terminacao (Figura 2). O periodo de iniciagao ou indugdo € caracterizado pelo baixo consumo
de oxigénio e producgéo de radicais livres, onde pouca mudanga ocorre nos lipideos. Nessa
fase, 0 &cido graxo sofre ataque de uma espécie suficientemente reativa para abstrair um
atomo de hidrogénio a partir de um grupo metileno (-CHz-). Posteriormente, ocorre a formacéao
de um dieno conjugado (duas duplas ligagbes intercaladas por uma ligacao simples) a partir
de um rearranjo molecular (Halliwell e Gutteridge, 2007). Na fase seguinte, o consumo de
oxigénio é aumentado e ocorre a formacgao de radicais peroxila (LOO¢), a partir da reacao de
um radical alquila (L+) com oxigénio. A reacdo se propaga quando esse radical abstrai um
atomo de hidrogénio de uma nova molécula de lipideo insaturado, formando entdo um
hidroperdxido (LOOH) e um novo radical (L), o qual dara continuidade a cascata de reacoes
(Halliwell e Gutteridge, 2007).
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Figura 2. Etapas do processo de peroxidagao lipidica.
Fonte: Lima e Abdalla (2001), p.294.

Os produtos primarios, peroxidos e hidroperéxidos, sao instaveis e podem ser
degradados e originar novos compostos de baixa massa molecular, como aldeidos, cetonas
e alcoois (Pratt et al., 2011). Na ultima etapa da reacao, ocorre a aniquilacao dos radicais
formados originando produtos nao radicalares (Halliwell e Gutteridge, 2007). Um dos produtos
que podem ser formados a partir da peroxidagdo lipidica € o malonaldeido (MDA),
especialmente a partir da oxidagao de 4cidos graxos com mais de duas duplas liga¢des, como
acido linolénico ou araquidénico (Esterbauer et al., 1991; Halliwell e Gutteridge, 2007)

fons de ferro podem catalisar a oxidacdo de lipideos na presenca de oxigénio,
dando inicio a sequéncia de reagdes via formacao de OHe, ou atuar na decomposi¢ao de
hidroperéxidos, através dos seguintes mecanismos (Cheng e Li, 2007; Halliwell e Gutteridge,
2007):

Fe?* + LOOH —> Fe® + LO- + OH

Fe®* + LOOH — Fe?" + LOO- + H*

O ferro € um dos principais responsaveis pela decomposicao de hidroperéxidos
lipidicos em alimentos e em sistemas bioldgicos. Nos alimentos, esse processo resulta em

desenvolvimento de odor e sabor indesejaveis. No organismo, o ferro pode catalisar a
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oxidacdo lipidica de membranas de células intestinais (Guzun-Cojocaru et al., 2011),
promovendo a formacao de espécies reativas de oxigénio (ERO), relacionadas a doengas
cardiovasculares e neuroldgicas (Torres-Fuentes et al., 2012). O Fe?* livre parece também
ser responsavel por danos causados a mucosa gastrointestinal (Slivka et al., 1986) e pode
intensificar disturbios inflamatérios (Lih-Brody et al., 1996).

Alguns processos de complexagdo podem impedir o potencial redox do ferro e,
assim, impedi-lo de participar de reacgdes cataliticas que produzam radicais livres e/ou
espécies reativas de oxigénio (ROS), como por exemplo via Reagao de Fenton (Eckert et al.,
2016). Assim, para a fortificagdo de alimentos com ferro, pesquisas tém se voltado para a
utilizacao na forma complexada, a fim de minimizar seu impacto na oxidacao lipidica (Sugiarto
et al., 2010; Ueno et al., 2014), tanto no alimento quanto no organismo, possivelmente
prevenindo os efeitos colaterais ocasionados pelo ferro livre.

Muitos estudos tém mostrado o potencial de proteinas de complexar o ferro,
reduzindo a reatividade do metal e influenciando o processo de oxidacédo. Hegenauer et al.
(1979) afirmaram que para suplementar leite com ferro, a adicdo do mineral deve ser feita
apés homogeneizacdo, a fim de proteger a fracdo lipidica do leite, e em sua forma
complexada, a qual promove menor extensao de oxidacao lipidica. Hekmat e McMahon (1998)
reportaram que a oxidagao de lipideos de leite fortificado com sulfato ferroso e sulfato ferroso
amoniacal foi minimizada pela utilizagéo de ferro complexado. Os autores sugerem que, uma
vez ligado e impossibilitado de passar da espécie ferrosa para férrica, o ferro ndo agira como
catalisador das reacoes de oxidagao lipidica.

Sugiarto et al. (2010), investigando a oxidagdo do &cido linoleico em emulséao
contendo ferro livre e complexo proteina de leite-ferro, observaram que, para uma mesma
concentracao de ferro, a capacidade do metal catalisar oxidacdo lipidica foi reduzida
significativamente quando complexos proteina-Fe foram adicionados a emulsdo de acido
linoleico, sugerindo que a atividade pré-oxidante do ferro possa ser controlada pela
complexagao do ferro por proteinas. Ueno et al. (2014), estudando a formagéao de complexos
BSA-Fe na presenca de ions bicarbonato (pH 8,5), observaram capacidade antioxidante do
complexo em prevenir oxidagdo de 6leo de soja em emulsdo, de modo semelhante ao

observado pelos mesmos autores para complexos lactoferrina-Fe (Ueno et al., 2012).

Independente da formagdo prévia de um complexo proteina-Fe, proteinas
dispersas na fase continua de emulsdes 6leo-em-agua podem inibir a oxidagao lipidica pelo
mecanismo de eliminagao de radicais livres ou complexacdo com metais pré-oxidantes dentro
do sistema (Faraji et al., 2004; Elias et al., 2005; Guzun-Cojocaru et al., 2011). Essa atividade

antioxidante pode ser aumentada pela hidrélise dessas proteinas. Elias et al. (2006)
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observaram que hidrolisados de -lactoglobulina sdo mais eficientes em inibir a oxidagéo
lipidica em emulsdes 6leo-em-agua do que uma concentracdo equivalente da proteina
integra. De acordo com Diaz et al. (2003), caseinofosfopeptideos podem se ligar ao ferro e
inibir reagdes de oxidagdo em emulsdes 6leo-em-agua, atuando assim como antioxidantes
naturais. No entanto, faltam estudos que avaliem a influéncia de complexos peptideo-Fe

previamente formados no efeito pro-oxidante do ferro em sistemas emulsionados.

2.8.1. Avaliacao da oxidacao lipidica

A extensdo da oxidagado lipidica pode ser medida de diferentes formas.
Independente da técnica utilizada, recomenda-se que tanto produtos primarios quanto
secundarios sejam monitorados durante o processo de oxidagdo, uma vez que produtos
primarios sao instaveis e podem converter-se em produtos secundarios (Pratt et al., 2011).
Assim, a avaliacdo da formacdo de ambos ao longo do tempo pode dar uma melhor
compreensao do processo.

A oxidagao de &cidos graxos insaturados inicia-se por um mecanismo de radicais
em cadeia e gera hidroperdxidos como produtos primarios (Yamamoto et al., 1987), os quais
podem ser quantificados por diferentes técnicas. Essa medida é um indicador dos estagios
iniciais da oxidacao lipidica. No entanto, para avaliar se a concentracéao de hidroperdxido esta
em crescimento ou decaimento € necessario monitorar o indice de perdxido em fungédo do
tempo (Shahidi e Zhong, 2005). Os métodos analiticos para determinagao de hidroperdxidos
podem ser divididos em dois tipos: 0s que determinam a concentragéo total de hidroperéxidos
e os que fornecem informagdes detalhadas sobre a estrutura e concentragdo de cada tipo
especifico de hidroperdxido, baseados em técnicas cromatogréaficas. O método mais comum
utilizado para avaliacdo da extensao de oxidagédo em 6leos e gorduras € a determinagao do
indice de peroxido (Dobarganes e Velasco, 2002), baseado na oxidagao dos ions iodeto (I)
pelos hidroperdxidos (ROOH) da amostra (Shahidi e Zhong, 2005). O iodo liberado é titulado
com solugdo de tiossulfato e o indice de perdxido expresso como mEq de hidroperdxido por
1000 g de amostra (AOCS, 1997). As reacdes envolvidas sao as seguintes:

ROOH + 2H* + 2 KI — I> + ROH + H.0 + 2K*

I + 2NaS>03 —» Na>S:06 + 2Nal
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Apesar de bastante utilizado, esse método apresenta algumas limitagdes, como
baixa sensibilidade, necessidade de grande quantidade de lipideos e dificuldade na
determinagao do ponto de viragem (Dobarganes e Velasco, 2002).

A partir da decomposicao dos hidroperéxidos, uma série de produtos secundarios
pode ser formada, incluindo compostos volateis, ndo volateis e poliméricos. Existem varias
técnicas para a avaliagdo desses compostos. Dentre elas, a determinagdo de TBARS
(substancias reativas ao acido tiobarbitirico) € um dos ensaios mais comuns. Um dos
principais produtos secundarios da oxidacao lipidica de acidos graxos poliinsaturados com
trés ou mais duplas ligagdes é o malonaldeido (MDA), dialdeido de 3 carbonos que reage com
o composto acido tiobarbiturico (TBA) formando um croméforo rosa, que pode ser medido
espectrofotometricamente (532-535 nm) (Mariutti e Bragagnolo, 2015). No entanto,
substancias reativas ao acido tiobarbiturico incluem outras substancias que reagem que nao
MDA, as quais formam adutos com o mesmo espectro UV/Vis que o padrdo de MDA
(Fernandez et al., 1997). Compostos como aminoacidos, agucares, pigmentos de bile e outros
produtos de oxidacao lipidica também podem reagir com TBA, provocando a superestimacao
dos resultados de TBARS (Gutteridge, 1982). E possivel realizar a extragdo de MDA, embora
seja muito dificil devido a sua baixa massa molecular, alta polaridade, alta solubilidade em
agua e relativa instabilidade (Grotto et al., 2009). De qualquer modo, tanto a determinagao de
MDA quanto TBARS tém sido realizadas em diferentes matrizes bioldgicas, como plasma,
soro, saliva, tecidos (cérebro, figado, pulméo, rim e coragdo) e urina para medir a extenséao

de estresse oxidativo (Mariutti e Bragagnolo, 2015).

Outra metodologia que pode ser utilizada para mensurar a formagao de produtos
secundarios da oxidacao lipidica € a identificacdo e quantificacdo de compostos volateis. A
técnica de microextragdo em fase soélida (do inglés, Solid-phase micro-extraction, SPME) vem
sendo amplamente empregada para a extragao desses compostos e posterior identificacao e
quantificagdo por cromatografia gasosa acoplada a espectrometria de massas. Essa técnica
se baseia na adsorgado dos analitos volateis em uma fibra, apds exposicdo da mesma ao
headspace da amostra. A fibora de SPME é um bastao de silica fundida de 100 mm de
didmetro, com 10 mm de uma extremidade recoberto com um filme fino de um polimero (e.g.,
polidimetilsiloxano = PDMS, poliacrilato = PA ou Carbowax = Cwx) ou de um sélido adsorvente
(e.g., carvao ativo microparticulado = Carboxen) (Valente e Augusto, 2000). Posteriormente,

os analitos sdo dessorvidos termicamente em um cromatografo a gas (Wardencki et al., 2004).
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ABSTRACT

Iron-binding peptides are an alternative to increasing bioavailability and to decreasing pro-
oxidant effect of iron. This study aimed to synthesize and characterize peptide-iron complexes
using FeCl> or FeSO, as iron precursor compounds. Whey protein isolate (WPI) and WPI
hydrolyzed with pancreatin, followed or not by ultrafiltration (cut-off 5 kDa), were used as
ligands. The fluorescence intensity of the ligands decreased dramatically as iron concentration
increased, as a result of metal coordination with the iron-binding sites, which may have led to
changes in Trp microenvironment. For both iron precursor compounds, the main iron-binding
site was carboxylate groups, and the linkage occurred through bidentate coordination mode,
evidenced by IR bands assigned to the two vibrational modes asymmetric and symmetric
stretching of COO-Fe. However, the infrared spectroscopy and thermal analysis results
showed that dynamics of interaction is different regarding the iron source. Thus, the iron source
is of great importance because may lead to chemical differences and impact iron absorption
and pro-oxidant effect of the mineral.

Keywords: iron-binding peptides; synthesis of coordination compounds; infrared
spectroscopy; iron salts; whey protein hydrolysate; food fortification.
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1. Introduction

Iron is an essential micronutrient, an intrinsic component of hemoglobin,
myoglobin, and cytochromes (Luo & Xie, 2012). This mineral acts as a regulator, activator, and
controller of several enzymatic reactions. Among its functions, it can be highlighted the
formation of red blood cells, O2 and CO: transport, electron transfer, redox reactions and
cellular energy production (Lieu et al., 2001). Therefore, iron deficiency is responsible for
several diseases and is one of the main nutritional problems in the world. Many efforts have
been made to combat this deficiency, mainly regarding food fortification. However, it is still a
challenge due to the questions associated such as low bioavailability, digestive problems like
stomachache or diarrhea, and even changes in flavor and appearance of food products
(Sugiarto et al., 2009).

Peptide-iron complexes can be a workaround to mitigate these problems. Under
certain conditions, iron binding with an organic compound promotes the formation of
complexes, which protects the micronutrient against the chemical reactions that occur during
digestive process (Gligic et al., 2004). Iron-peptide binding is based on the interaction between
an electron donator group at the ligand surface (peptide, in this case) and a Lewis acid
(transition metal ion). The peptides present one or more accessible coordinating sites,
ensuring that the metal atom becomes part of a biologically stable structure through coordinate
covalent bonding. In this way, the complexed mineral is less prone to interactions with the
chemical neighborhood (Miquel & Farre, 2007).

Ferrous or ferric salts, such as FeClz, FeCls, and FeSOs, have been used to
synthesize peptide-iron complexes and to study the iron-binding capacity of peptides (Chaud
et al., 2002; Kim et al., 2007; Huang et al., 2011; Zhou et al., 2012; Ueno et al., 2014; Caetano-
Silva et al., 2015; O'loughlin et al., 2015). Nevertheless, as far as we know, no effort has been
made in studying the effect of iron sources on complexes formation, even though is widely
known the role of different ions on peptides and protein structure and interactions (Zhang &
Cremer, 2006).

In a previous study, we reported that the fractions of WPI hydrolysate with
pancreatin showed the same iron-binding sites regardless of the molecular mass (MM). In the
present work, we studied the ligand-metal complexation in peptide-iron complexes synthesized
with two iron salts, FeClz. and FeSOs, and different MM ligands. We aimed to understand better
the differences resulting from the iron source, which may contribute to their future application

to food fortification.
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2. Material and Methods

2.1. Material

Whey Protein Isolate (WPI) was obtained from Glanbia Nutritionals (Kilkenny,
Ireland). Pancreatin (4xUSP, from porcine pancreas, EC 232-468-9, P1750) was purchased
from Sigma-Aldrich® (St.Louis, MO, USA). Iron precursors FeCl,.4H>O and FeSO..7H.0 were
purchased from J.T. Baker (Phillipsburg, NJ, USA) and Sigma-Aldrich® (St.Louis, MO, USA),
respectively. All other chemicals and reagents used were of analytical or chromatographic

grade.

2.2. Preparation of hydrolysate and its fractions

The hydrolysate was obtained from enzymatic hydrolysis of WPl with the
enzymatic system pancreatin, under previously defined conditions (Caetano-Silva et al., 2015).
Briefly, WPI was diluted in deionized water (10% protein w/v) and the reaction occurred at pH
8.0, monitored using an Automatic Titrator — pH Stat (model DL 21 Grafix; Mettler-Toledo,
Schwerzenbach, Switzerland), with stirring and controlled temperature (40 °C). After 180 min,
the enzyme was deactivated by heating (85 °C/15 min), and the reaction mixture was cooled

in an ice bath.

The degree of hydrolysis (DH), calculated according to Adler-Nissen (1986), was
16.2%. The pH was adjusted to 6.0 with 1 mol/L HCI, and then a portion of the reaction mass
was freeze-dried; this sample was named hydrolysate (H). A portion of H was fractionated in
an Ultrafiltration System Pellicon® (Millipore, Bedford, MA, USA) with a cut-off membrane of 5
kDa (Cartridge Prep/Scale — TFF 6 ft2). The fraction of MM < 5 kDa was named filtrate (F) and
the one with MM > 5 kDa, retentate (R).

2.3. Characterization of the ligands

2.3.1. Chromatography

Reversed-phase high-performance liquid chromatography (RP-HPLC) was
performed in an Agilent liquid chromatograph, Semi-Preparative and Analytical quaternary
pump system, with Diode Array Detector (DAD) (Waldbronn, Germany), on a Cig column
Microsorb — MV ™ (4.6 mm x 250 mm; 5 um particle size) (Rainin, Woburn, MA, USA). Solvent

composition was: solvent A — 0.04% de TFA in ultrapure water; solvent B — 0.03% TFA in
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acetonitrile. The gradient elution conditions were solvent B from 0 to 70% in 40 min, 100% in
5 min, returning to 0% in more 5 min. Detection was at 214 nm, and the injection volume of 50
pL of sample (3 mg protein/mL for H, F, and R, and 1 mg protein/mL for WPI).

2.3.2. Electrophoresis

The electrophoretic profiles were obtained using the SDS-PAGE Tricine system
according to Schagger (2006), with separation gel containing 16% of acrylamide and 6 mol/L
urea, and resolving and stacking gels containing 10% and 4% of acrylamide, respectively.
Ligands were diluted (1% protein w/v) in reducing buffer (0.5 mol/L Tris—HCI, pH 6.8, 10%
SDS, 10% glycerol, 5% B-mercaptoethanol and 0.1% Coomassie Blue G250) and heated at
90 °C/5 min. Aliquots of 10 pL of each sample were then loaded onto the gels. The peptides
MM was estimated using a 3.5-26 kDa marker kit (Bio-Rad, Hercules, CA, USA) as standard.

2.4. Intrinsic fluorescence spectroscopy

Intrinsic fluorescence emission spectra of the ligands H, F, R, and WPI, with the
addition of different amounts of iron from FeClz or FeSO4 (0 - 2 mmol Fe/L), were obtained
using a Fluorimeter ISS K2 Multifrequency Phase (Champaign, IL, USA). The excitation
wavelength was 280 nm, and emission wavelengths ranging from 290 to 500 nm were
recorded. For that, ligands were diluted in ultrapure water (7.5 mg/mL), and solutions of iron
salts were mixed to reach protein content of 5 mg/mL and iron:protein ratios ranging from 0 to
400 umol Fe/g protein. After 5 min of iron addition, the fluorescence emission spectra were
obtained, as a plot of the fluorescence intensity versus wavelength (nm) (Lakowicz, 2006). Ten
spectra were obtained for each ligand, with different iron:protein ratios. All spectra were
corrected for blank emission.

In addition, the fluorescence emission spectra of solutions with the highest
iron:protein ratio (400 umol Fe/ g protein) were obtained after 3 hours of reaction.

2.5. Synthesis of peptide-iron complexes

Hydrolysate (H) and its fractions F and R were used as ligands to synthesize the
iron complexes. Complexes with WPl were also studied in order to compare the complexes
synthesized with the whole protein. The iron precursors compounds were FeCl2.4H.O or
FeS0.4.7H20. The reactions were carried out under the same conditions used in a previous
work (Caetano-Silva et al., 2015), with protein:iron ratios 40:1 (w/w) and 5:1 (w/w), using 0.1%

(w/v) of iron. Briefly, ligand solutions were adjusted to pH 7.0, to favor deprotonation of iron-
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binding sites (Porath, 1990), and the iron salt was added. The pH of each reaction medium
was monitored and adjusted every 15 min. After 1 h of reaction with stirring (25+2 °C), the
suspensions were centrifuged (50009/20 min) and filtered through filter paper (Whatman n® 1).
The iron content was determined (item 2.6) in the supernatants containing the complexes. The
iron-binding capacity (%) was calculated as the iron solubility in supernatant respect to the
initially added (Eq. 1).

Fe supernatant

Iron — binding capacity (%) = o X 100 (Eq. 1)

The supernatants containing the complexes were freeze-dried and stored frozen (-
18 °C). The iron complexes with H, F, R, and WPI, were named H-Fe, F-Fe, R-Fe, and WPI-
Fe, respectively. The iron source was expressed with the letters C or S for FeClz or FeSOs,
respectively.

2.6. Determination of iron content

Iron content was determined by atomic absorption spectrophotometry (AAS)
according to Boen et al. (2008), in a Perkin-Elmer Analyst 300 Spectrometer (USA) equipped
with a deuterium lamp background corrector. All samples were subjected to acid digestion with
concentrated nitric acid and hydrogen peroxide (2:1 v/v) at 110 °C/2 h, transferred
quantitatively to volumetric flasks, and the volumes completed with ultrapure water. All
experiments were carried out in triplicate. The iron content was measured using a hollow

cathode lamp for iron (248.3 nm). The standard curve ranged from 0.2 to 2.6 mg Fe/L.

2.7. Characterization of the complexes

2.7.1. Infrared spectroscopy

Ligands and ligand-iron complexes (2 mg) were mixed with dry KBr and
compressed in a compact disc. The vibrational spectra were recorded in a Perkin Elmer FT-IR
Spectrometer 2000, in a spectral range from 4000 to 400 cm™, 16 scans, with a resolution of
2 cm'. Spectra were analyzed using the data analysis software Origin 6.0 (Microcal Software,
Inc., One Roundhouse Plaza, Northampton, USA).
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2.7.2. Thermogravimetry (TG) and differential thermal analysis (DTA)

Thermogravimetry (TG) and differential thermal analysis (DTA) curves were
obtained using a TA Instruments model SDT2960 with a thermocouple system controlled by
Thermal Solutions TA Instruments software. Samples F, F-Fe C, and F-Fe S (7 mg) were
analyzed in a-alumina sample holders, under flow of dry synthetic air (100 mL min),
temperature from 30 to 1000 °C, and at heating rate of 10 °C min™ (97 min of analysis). The
reference substance was pure a-alumina in DTA measurements (Netto et al., 2007). The
software Origin 6.0 (Microcal Software, Inc., One Roundhouse Plaza, Northampton, USA) was
used to analyze the curves.

2.8. Statistical analysis
The results were expressed as mean * standard deviation. The statistical analysis
was performed using the statistical package GraphPad Prism 6 (GraphPad Software Inc., La
Jolla, USA) by one-way analysis of variance (ANOVA), followed by Tukey’s test. Values of p <
0.05 were considered significant.

3. Results and Discussion

3.1. Characterization of the ligands

The chromatographic (RP-HPLC) profile of H and its fractions F and R (Figure 1
A) showed the absence of a-lactoalbumin (a —La) and B-lactoglobulin (B -Lg) peaks, observed
in WPI profile, indicating the hydrolysis of these proteins to smaller and more hydrophilic
fragments. The profiles of H and F (Figure 1 A) are similar, with the majority of the peptides
eluted in the regions of high and medium hydrophilicity region (10 min<RT<20 min; RT =
retention time). On the other hand, the profile of R showed a lower number of peaks than the
other ligands.

The electrophoretic (SDS-PAGE Tricine) profiles of ligands (Figure 1 B) evidenced
differences of MM among them. No band was observed in the profile of F possibly due to the
presence of peptides < 3 kDa, which may not have been stained as a result of their lost during
fixing and/or coloring the gel (Schagger & Von Jagow, 1987; Claeys et al., 2004). The profile
of H showed the disappearance of o—La (14.2 kDa) and B-Lg (18.4 kDa), which are present in
WPI profile.
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Literature has reported the influence of MM on the iron-binding capacity of
peptides, with discrepancy among studies. Iron-binding capacity is reported to be higher to
peptides with MM 10-30 kDa (Lv et al., 2009) or to peptides with MM < 1 kDa (O'loughlin et al.,
2015). The ligands showed differences in MM and hydrophilicity, which may lead to different
capacity of free iron to access the iron-binding sites, possibly resulting in different complexes.
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Figure 1. (A) Chromatographic profile (RP-HPLC) and (B) electrophoretic profile (SDS-PAGE
Tricine) of ligands. WPI — whey protein isolate; H - Hydrolysate; F — Filtrate (fraction < 5 kDa);
R - Retentate (fraction > 5 kDa). * Molecular mass standard

3.2. Intrinsic fluorescence spectroscopy

The fluorescence emission spectra of the ligands with no iron salt addition and after
the interaction with the metal in different concentrations are shown in Figure 2. The Anax of the
ligands ranged from 310 to 350 nm, which is in accordance with Trp emission range (Adams
et al., 2002). The fluorescence emission spectra of H and the fractions F and R showed higher
intensity and a red shift of the Amax as compared to WPI spectra (Figure 2), suggesting that
structural changes affected Trp upon hydrolysis (Zhou et al., 2012). The fluorescence emission
spectra of H and F showed differences respect to R spectra possibly due to differences in
peptide profiles, as observed in chromatographic and electrophoretic profiles (Figure 1).
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Figure 2. Fluorescence emission spectra of ligands H - hydrolysate; F — filtrate (fraction < 5
kDa); R — retentate (fraction > 5 kDa); WPI — whey protein isolate (5 mg protein/mL) without
iron addition (dashed lines) and with addition of C - FeClz or S - FeSO4 (full lines) in different
iron:protein ratios. (a-i) 10; 20; 30; 40; 60; 80; 100; 200; 400 umol Fe/g protein. Excitation
wavelength: 280 nm; emission wavelength: 290-500 nm.
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The fluorescence intensity of all ligands decreased up to 70% with iron addition
regardless of the iron source. For all ligands, the highest iron:protein ratio (400 umol Fe/g
protein) led to the lowest fluorescence intensity although the intensity was not totally
extinguished, as measured after 5 min of reaction. However, after 3 hours of reaction the
spectra of samples with the same iron:protein ratio showed total fluorescence quenching.
Changes in Trp environment took place after the measurement at 5 min of reaction, suggesting
that a longer reaction time allows Trp residues exposition to a more polar environment (Agyare
& Damodaran, 2010). Iron interaction with the iron-binding sites, especially carboxyl groups,
may change Trp fluorescence depending on the impact of such interaction on the
peptide/protein conformation (Lakowicz, 2006), which may result in transfer of Trp to the
surface (Zhou et al., 2012).

Other factors such as ionic strength might affect the conformation of the ligands,
interfering with their iron-binding capacity. The ionic strength of reaction mixture increases up
to 300% from 10 to 400 umol Fe/g protein. At the same iron:protein ratio, the ionic strength of
reaction mixture with FeSO; is approximately 30% higher than with FeClz, which may affect
ligand-ligand interactions, leading to different expositions of iron-binding sites. Furthermore,
the counterions (SO42 and CI) have different positions in Hofmeister series, differing in their
capacity to influence on protein stability and protein-protein interaction (Zhang & Cremer,
2006). The sulfate ion is larger than chloride and exerts an aggregation effect on proteins
(salting out), whereas chloride ion shows more solubilizing effect than SO42 (salting in).
Thereby, the complexes could show differences regarding the conformation of peptides in their
formation (see below Infrared discussion).

3.3. Synthesis of peptide-iron complexes

Figure 3 shows the iron-binding capacity expressed as iron solubility (%) at pH 7.0
after the complexes synthesis, for both protein:iron ratio 40:1 and 5:1. The low iron solubility
observed in control samples with iron salts (BFe), 1.5% for FeCl> and 18.4% for FeSOs, is due
to ferric hydroxide formation, which is insoluble at this pH. Synthesis reaction led to an increase
in iron solubility, suggesting that all ligands showed iron-binding capacity regardless of their
MM, which is in accordance with other authors (Wu et al., 2012; Guo et al., 2013; Lv et al.,
2014).
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Figure 3. Iron solubility (%) after complexes synthesis (pH 7.0) under ratio protein:Fe (w/w) of
40:1 or 5:1 with FeCl» (C) or FeSO4 (S). BFe - control assay with only iron salt; H - hydrolysate;
F - filtrate (fraction < 5 kDa); R - retentate (fraction > 5 kDa); WPI - whey protein isolate.
*samples with different letters are statistically different (p < 0.05); controls assays (BFe C e
BFe S) are not included in the statistical analysis ANOVA and Tukey.

At ratio 40:1, complexes with FeCl2 showed iron solubility similar to those with
FeSOs, 84 to 93%, which is possibly due to a large number of available iron-binding sites. At
ratio 5:1, synthesis with FeCl. led to iron solubility significantly higher than with FeSO4, and to
greater differences among the ligands than with FeSO4 (Figure 3). The low iron solubility at
this ratio, ranged from 32% to 70%, is related to the low peptide concentration of the synthesis
mixture in relation to iron concentration, and the consequent low availability of iron-binding
sites. At this ratio, pH instability of the reaction medium was observed. The low protein
concentration, not sufficient to act as buffering agent, allowed iron hydroxide formation and
precipitation, hindering the iron-binding to the available sites.

3.4. Characterization of the complexes: Infrared spectroscopy and thermal analysis

Infrared (IR) spectroscopy is a technique based on radiation absorption due to the
vibration between molecule atoms (Haris & Chapman, 1995), and it has been applied to obtain
information concerning the chemical composition, in addition to the conformational structure
of proteins and peptides.

The IR spectra of the complexes synthesized with protein:iron ratio of 40:1 were
similar to the correspondent ligand spectra (data not shown), possibly because the high
proportion of unbound peptides, which may have overlapped modifications induced by iron
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binding. Thus no relevant information was obtained from the coordination chemistry point of
view. Spectra of the complexes synthesized with protein:iron ratio of 5:1, in turn, enabled the
evaluation through this spectroscopic technique. Table 1 shows the main absorption bands in
the infrared spectra and the assignments of corresponding vibrational modes of the free
ligands and the peptide-iron complexes.

Table 1. Main absorption bands in the infrared and assignments of the corresponding
vibrational modes of free ligands (H - hydrolysate; F - filtrate; R — retentate, and WPI - whey
protein isolate) and their respective iron complexes, obtained from FeCl. (-Fe C) or FeSOs (-
Fe S).

IR bands (wavenumber, cm™')

H F R WPI Assignment
3437s, br 3427s, br 3432s, br 3411s, br vO-H
3268vw 3268vw - 3285s Amide A (vN-H)
2967vw, 2927vw  2964vw, 2930vw - 2960vw, 2927vwW  vCaliphatic-H
1632s 1632s 1632s 1632s Amide | (vC=0)
1592s 1592s 1592s 1552w Amide Il
1385m, 1344w 1385m, 1344w  1385m, 1344w 1380m, 1344w Amide llI
1110w, 1039vw 1110w, 1039vw 1100vw, br 1110vw, br vO-C
- 1077 vw - 1085 vw 5C-H
- 989w - 990w vC-C-N
H-Fe C F-Fe C R-Fe C WPI-Fe C
3401s, br 3406s, br 3386s, br 3411s, br vO-H
3268vw 3268vw - 3272w Amide A (vN-H)
3065w 3066w - 3062w vCaromatic-H
2965, 2927vw 2964, 2932vw - 2966, 2927vw  vCaiiphatic-H
1653s, br 1653s, br 1653s 1651s Amide | +vasCOO-Fe
1540m 1540m 1539s 1532w Amide Il
1431s 1431s 1431s - vsCOO-Fe
1344vw 1344vw 1344vw - Amide Il
1117vw 1117vw 1109vw 1114vw vO-C-Fe
1073vw 1073vw - 1070vw 5C-H
H-Fe S F-Fe S R-Fe S WPI-Fe S
305490, Sa7dsh,  3554e, SATash 3414s, br 3419s, br  vO-H + H-bonds
3248w 3248w - - Amide A (vN-H)
2967,2927vw 2966, 2928vw - 2968, 2927vw  vCaliphatic-H
1640s, 1621w 1640s, 1619w 1641s 1641s Amide | +vasCOO-Fe
1556 vw 1555vw 1543s 1542w Amide Il
1431vw 1431w - - vsCOO-Fe
1385w 1385w 1385w 1380 Amide llI
1146s 1150s 1149s 1144s S04
1114vw 1115vw 1122vw 1120vw vO-C-Fe
993w 994vw 996w - vC-C-N
627m 624m 624w 619w S04

s=strong; br= broad; sh=shoulder; w= weak; vw=very weak;, m=medium
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Concerning the free ligands, some differences were observed in the vibrational
spectrum of WPI in relation to the hydrolysate and its fractions. For instance, the Amide Il band
can be observed as a strong band at 1592 cm in the spectra of peptide ligands (H, F, and R)
and at 1552 cm™ in the WPI spectrum (Table 1). Amide Il band shows the breaking of peptide
bonds during the hydrolysis process since this band is dependent on secondary conformations,
and its position for intact protein and peptides is different (Prigogine & Rice, 2009).

Regardless of the iron precursor compound (FeClz or FeSQO4) or the ligand, in
general, the interactions of the divalent metallic ion and the ligands led to formation of orange
species, characteristic color of iron(lll) compounds. Both IR and TG/DTA techniques were
used to characterize the peptide-iron complexes and allowed inference of some important
aspects concerning the coordination of the metal and the influence of using different iron
precursor compounds, which will be discussed in details.

3.4.1. Iron coordination by the ligands

The Amide | band, originated mainly from peptide C=0 stretching vibration mode,
was observed at 1632 cm™ (Mukherjee et al., 2007) in the free ligand spectra (Table 1). After
complexation, it was split into two components in the spectra of both FeSO4 and FeCl
complexes (Figure 4). The second component corresponds to the asymmetric stretching of Fe-
COOQO bond (near 1620 cm™"), confirming the formation of iron complexes through the interaction
with the carboxyl group, preferentially with the side chains of Asp or Glu residues.

At 1431 cm’, it was observed for the complexes with both iron sources the
appearing of an important band associated with symmetric stretching vibration of the Fe-COO
bond. In addition, the shift of vsC-O bands from 1110-1039 (H and F) to 1117 cm™ in the
complexes indicates the formation of Fe-O-C bonds. However, for the complexes obtained
with FeSO4 the real value cannot be observed from the IR spectra because of sulfate
overlapping the band at the same region (sulfate vibrational mode, as a very intense band at
1146-1150 cm™). O'loughlin et al. (2015) have also observed a band at 1110 cm™ which was
assigned to sulfate group in a fraction of whey hydrolysate added with FeSO4. Thus, much
information concerning metal-peptide interaction in FeSO4 complexes could be hidden under
this broadband. The sulfate group is an integrant part of the Fe complexes, either in the
coordinated form - [Fe(pept)SOa4] - or as a counterion - [Fe(pept)]SOa.
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Despite the differences in MM profile of the ligands (Figure 1), it was possible to
infer metal coordination with all ligands and their iron-binding sites seem to be the same. High
MM peptides (ligand R) or the structure of the whole protein (WPI) did not impair the linkage
with iron atoms. In fact, in a previous work (Caetano-Silva et al., 2015) we demonstrated that
the iron-binding peptides are coincident in both types of fractions (F and R). The fragments,
rich in the main iron-binding sites Asp (D) and Glu (E) residues (Chaud et al., 2002; Lv et al.,
2009), were from the sequences “?YVEELKPTPEGDLEIL and '**RTPEVDDEALEK"* from
B-Lg and 8DDDLTDDI®® from a-La. However, it was not possible to quantify the coordinate
covalent bonds formed in those different complexes. It is worth highlighting that, besides the
coordinate covalent bond, other interactions, such as Van der Waals forces, hydrophobic
forces, and also hydrogen bonding, strongly influence in the peptide-Fe complex formation and
even in its stability (Faa & Crisponi, 1999; Eckert et al., 2016) and thus may result in different
complexes synthesized with different ligands.

3.4.2.Influence of the iron precursor compounds

Concerning the different iron precursor compounds, FeCl. or FeSQs, the infrared
spectroscopy also allowed identifying significant differences among the obtained complexes.
The IR spectra of free ligands (H, F, R, and WPI) are illustrated in Figure 4 and showed two
components of Amide Il band, at 1385 cm™ (band of medium intensity) and 1344 cm™ (very
weak band) (see also Table 1). This band involves a combination of peptide N-H in-plane
bending and C-N stretching motions, and it is conformationally sensitive. IR spectra of
complexes obtained from FeSO4 showed the more important component of the Amide Ill band
(1385 cm™"), whereas in the IR spectra of peptide-Fe complexes formed from FeCl. only the
second component (at 1344 cm™) can be observed, which can be tentatively assigned to the
presence of hydrated a-helix (Berova et al., 2012). This result is in accordance with the
presence of an intense and broad vO-H band at 3401 cm in the spectra of FeCl, complexes,
assigned to water molecule vibrations. These spectroscopic results suggest a strong local
structural distortion in the FeCl. complexes as a result of coordination (Haris & Chapman,
1995; lanoul et al., 2001).

The Amide A band, assigned to the stretching vibration of N-H bond, was observed
in the spectra of FeCl. complexes in the same region as that of the free ligands (3268 cm-,
Table 1), suggesting that iron was not coordinated by the amino groups in these compounds.
The pH of reaction (7.0) was lower than the pKa of NHs* group (~ 9.5), and thus the majority

of amino groups was protonated during the synthesis. This fact possibly hindered the formation
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of Fe-N bonds. The same occurred with the complexes with FeSO4, which is in accordance
with Eckert et al. (2016), who also reported that Fe** did not bind to N-terminus of a
heptapeptide from barley protein. However, in the FeSO4 complexes the Amide A band
showed a shift toward a lower wavenumber (from 3268 in free ligand to 3248 cm™), suggesting
an increase in the hydrogen bond forces (Barth, 2007), since this band is very sensible to the
strength of hydrogen bonds (Krimm & Bandekar, 1986). Analyzing the region associated to O-
H stretching vibrational modes, besides the main band at 3414 cm™', very weak bands at 3554
and 3474 cm’, assigned to H-bonds, were observed in the spectra of FeSO4 complexes but
not in FeCl. complexes. Therefore, FeSO4 complexes seem to present more hydrogen bonds
than the FeCl, ones, as a result of ligand-ligand interactions. This finding can be explained by
the greater effect exerted by sulfate anions toward protein aggregation, which is in strong
concordance with the difference of position of these ions in the Hofmeister series, as was
pointed out before.

Concerning the thermogravimetric (TG) and differential thermal analysis (DTA)
curves, the complexes F-Fe C and F-Fe S showed different thermal behaviors (Figure 5),
corroborating the IR results. The curve of the free ligand (F) showed the same global trend
reported in the literature to the thermal behavior of proteins (Dandurand et al., 2014; Zhang et
al., 2016). The first step took place in the temperature interval of 22 - 417 °C involving a mass
loss of 57.4%, corresponding to the evaporation of surface water molecules (DTA endothermic
peak at 83.5 °C) and the beginning of the thermal decomposition (Table 2). The high mass
loss may be related to the very high hydrophilic behavior of whey peptides, which often absorb
water even at room temperature. These processes were followed by the combustion in two
additional steps. The rupture of peptide bonds is possibly associated with the DTA exothermic
peak at 480.4 °C, followed by the slow decomposition (from 558 to 876 °C) of the formed
carbonaceous material. Therefore virtually no solid residue remained at the end of the

experiment.
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Table 2. Initial and final temperatures (°C), partial mass losses (%), and DTA peaks (°C) of
filtrate (F) and the corresponding peptide-iron complexes, F-Fe C and F-Fe S.

Am DTA peaks (°C)
(%) Endo Exo

1 22 - 417 574 835 183.4

Compound Step AT (°C) Assignments

water evaporation and
combustion
sample decomposition
from rupture of
F 2 417-558 32.2 - 480.4 polypeptide bonds,
forming carbonaceous
material
decomposition of
3 558-876 7.0 i i carbonaceous material
1 17 - 118 124 404 - water evaporation
coordinated water
2 118 - 331 249 1704 2491 liberation and rupture
of peptide-Fe bonds
F-Fe C rupture of polypeptide
3 331-577 35.7 - 461.9 bonds and formation of
Fe-Os
decomposition of
4 /61-906  13.3 i i carbonaceous material
1 25 - 156 6.6 42.6 - water evaporation
coordinated water
2 156-348 31.8 1715 265.1 liberation and rupture
F-Fe S of peptide-Fe bonds
rupture of polypeptide
3 348-476 19.3 - 456.6 bonds and formation of
Fe-Os
F: free ligand, filtrate (fraction < 5 kDa); F-Fe C: peptide-iron complex synthesized with filtrate
(fraction < 5 kDa) and FeClz; F-Fe S: peptide-iron complex synthesized with filtrate (fraction <
5 kDa) and FeSOs..

The peptide-Fe complex obtained from FeCl. (F-Fe C) decomposed in three steps,
after the dehydration process that occurred between 17 to 118 °C (Figure 5). The water loss
of this species (12.4%) was around 88% higher than the F-Fe S (see below), which is
consistent with the IR spectroscopic studies that revealed the presence of hydrated a-helix in
the complexes obtained from FeCl,, as well as an intense and broad vO-H band at 3401 cm™,
assigned to water molecule vibrations (see Figure 4). The breaking of the peptide bonds
occurred at 461.9 °C in this case, with formation of Fe>Os, and it was preceded by a step in
which metal-peptide bonds were broken (the corresponding DTA exothermic peak was
observed at 249.1 °C) (Table 2). Finally, the carbonaceous material slowly decomposed from
761 to 906 °C.
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Concerning the peptide-Fe complex obtained from FeSO., the thermal
decomposition of F-Fe S occurred in only two steps, after the evaporation of adsorbed water
observed in the range 25-156 °C (with corresponding weight loss of 6.6 %). The first step, from
156 to 348 °C, is most likely related to the removal of coordinated water as well as the rupture
of the peptide-iron bond, which was accompanied by a DTA exothermic peak at 265.1 °C. In
the range of 348 - 476 °C, it was observed the final loss of the remaining organic part
(exothermic peak at 456.6 °C), accompanied by the formation of Fe>Os as the final product.
According to the literature, in an oxygen atmosphere, iron(ll) is converted to iron(lll) before the
sulfate species decompose via liberation of SO3 gas (Gallagher et al., 1970).

It is evident, therefore, that the distinct spectroscopic and thermal behaviors of F-
Fe S and F-Fe C allowed inferring that the counterions, which influenced the interactions
ligand-metal and ligand-ligand, have a crucial role in the complex structure and its potential
biological activity. Different structures can lead to different exposure of cleavage sites of
gastrointestinal enzymes, which in turn can influence on the complexes digestion and hence
on iron uptake (Eckert et al., 2016). The iron source may also influence on the capacity of the
complex to carry iron during gastrointestinal digestion, hindering its interaction with other
compounds and decreasing the pro-oxidant effect of the metal.

4. Conclusion

Complexes synthesized from both iron precursor compounds, FeCl, and FeSOs.,
showed metal-carboxylate coordination via bidentate mode and different effects on ligand
conformation. The counterions play a central role in the process of complexes formation since
they can interfere in the exposure of binding sites of the peptides or in the complexes
conformation. In fact, chloride or sulfate substantially affects the dynamic of peptide-Fe
interaction, yielding completely different compounds. Therefore, the adequate choice of the
iron source to synthesize peptide-iron complexes is of great importance since the differences
in ligand conformation and complexes structure may lead to differences in iron absorption and

its pro-oxidant effect.
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ABSTRACT

Finding alternatives for food fortification in a bioavailable form of iron is needed because iron
deficiency leads to several diseases. Iron solubility and in vitro iron absorption were evaluated
in free and complexed forms, as iron salts or peptide-iron complexes. Whey peptide-iron
complexes were synthesized with various ligands (whey protein hydrolysate; its fractions >5
kDa and <5 kDa, obtained by ultrafiltration/diafiltration using a 5-kDa cut-off membrane; and
whey protein isolate) and iron sources (FeCl. and FeSQy). Iron bioaccessibility was assessed
after in vitro gastrointestinal digestion, whereas iron uptake was measured indirectly as ferritin
synthesis in a Caco-2 cell model. Although all complexes showed high bioaccessibility (>85%),
only complexes that were synthesized with low-molecular-mass peptides (<5 kDa) and FeCl.
increased iron uptake by approximately 70% compared with FeSOa, one of the most widely
used salts for fortification. Thus, this complex is an alternative for food fortification that
deserves further research.

Keywords: iron uptake; in vitro digestion; food fortification; Caco-2 cells; iron complexes; whey
hydrolysates; food analysis; food composition.
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1. Introduction

Food fortification with iron is used in regions where iron deficiency remains
prevalent (Mazariegos et al., 2004) and is one of the main strategies that has been suggested
by the World Health Organization (WHO) (FAO/WHO, 2007) for control of micronutrient
deficiencies. Many factors contribute to iron deficiency, of which low dietary iron bioavailability
is the main one. Thus, new ways for food fortification with iron have been studied to increase
mineral intake by the population and to develop alternatives of more bioavailable iron sources.
Further, problems that are associated with food fortification with this mineral, such as sensory
changes, sediment formation, and lipid oxidation, render this practice challenging (Sugiarto et
al., 2009). Thus, for food fortification with iron, it is essential to avoid sensorial changes and to

ensure iron bioavailability.

However, most bioavailable compounds have greater reactivity, leading to lipid
peroxidation and color changes in the foodstuff (Fairweather-Tait & Teucher, 2002). The
bioavailability of iron is also limited by its insolubility at physiological pH (Puig et al., 2005) and
is strongly influenced by the presence of enhancers and inhibitors in the diet (Zhu et al., 2009).

Many iron sources can be used for food fortification. Ferrous sulfate has been used
widely to fortify diets, but this salt may cause some side effects, such as heartburn, abdominal
pain, nausea, and diarrhea (Mimura et al., 2008). Experimental evidence also suggests that
ferrous sulfate may promote the formation of hydroxyl radicals, which can start the peroxidation
of lipids from biologic membranes, enzyme inactivation, and DNA damage (Schimann et al.,
2007).

Iron complexation with organic compounds has been considered an alternative
strategy for mitigating these problems. The complexed mineral is more stable and less prone
to interactions with the chemical environment (Miquel & Farré, 2007). Peptides are considered
as one of the best ligands because they have two functional groups that can participate in iron
linkage (Ashmead, 2001). The iron-binding capacity of peptides, as well as the formation of
complexes, is determined by the spatial distribution of functional groups of the amino acids in
the peptide sequence, and their interactions are influenced by the amino acid sequence
(Carlton Jr & Schug, 2011). Some researchers have focused on food fortification with
complexed iron to decrease its impact on lipid oxidation (Guzun-Cojocaru et al., 2011; Sugiarto
et al., 2010) and increase its solubility and bioavailability (Ueno et al., 2014; Zhu et al., 2009).

The Caco-2 cell line is a useful model for evaluating iron absorption at the intestinal
level (Quintaes et al., 2017). Caco-2 is a human colon carcinoma cell line that has proven to

be suitable for studies of iron bioavailability in food (Zhu et al., 2009). These cells undergo



71

spontaneous differentiation in culture to form a polarized epithelial cell monolayer that has
many characteristics of enterocytes (Glahn et al., 1996). Its advantages include rapid cellular
replication and actuation that is similar to the barrier of human intestinal mucosa, predicting
the conditions of passive absorption in humans (Balimane et al., 2000).

Iron interacts with several dietary compounds during digestion and forms
complexes that can raise or decrease its absorption. Milk and whey proteins/peptides have
been pointed out as iron bioavailability enhancers, based on their complexation with the
mineral during digestion and absorption (Argyri et al., 2007; Argyri et al., 2009; Etcheverry et
al., 2004; Ou et al., 2010). On the other hand, complexes can be synthesized prior to ingestion
to increase iron absorption and reduce side effects. Several groups have studied the conditions
of synthesis to obtain peptide/protein-iron complexes, showing evidence that these complexes
have potential use for food fortification with this mineral (Caetano-Silva et al., 2015; Kim et al.,
2007; Sugiarto et al., 2009; Ueno et al., 2014), but iron absorption analysis was not included
in these studies.

To our knowledge, there are few results in the literature on iron bioavailability from
synthesized peptide-iron complexes (Eckert et al., 2016; Wang et al., 2014), particularly with
various iron sources compared with compounds that are commonly applied for food
fortification. Therefore, the aim of this study was to evaluate the effects of whey peptide-iron

complexation, from different iron sources, on iron bioavailability versus its free form.

2. Material and methods

2.1. Reagents

The whey protein isolate (WPIl) PROVON® was obtained from Glanbia Nutritionals
(Kilkenny, Ireland). Pancreatin (4x USP, from porcine pancreas, EC 232-468-9, P1750), pepsin
(2250 units/mg solid, from porcine gastric mucosa, EC 232-629-3, P7000) and bile extract
porcine (EC 232-369-0, B8631) were purchased from Sigma-Aldrich® (St. Louis, MO, USA).
The iron salts FeCl2.4H>O and FeS04.7H-0O were purchased from J.T. Baker (Phillipsburg, NJ,
USA) and Sigma-Aldrich® (St. Louis, MO, USA), respectively. Ferrous bisglycinate
(Ferrochel®) was kindly donated by Albion Laboratories (Clearfield, Utah, USA). All other
chemicals and reagents were analytical or chromatographic grade.
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All glassware was washed, soaked 10 min in HNOs; p.a. (Merck, Hohenbrunn,
Germany), and rinsed 3 times with Milli-Q water (18 MQ cm resistivity) before use to avoid

mineral contamination.

2.2. Preparation of ligands: Hydrolysate and its fractions

WPI (10% protein solution w/v) was hydrolyzed by the pancreatin enzymatic
system (enzyme:substrate ratio E/S 4% w/w) at pH 8.0 and 40 °C for 180 min (Caetano-Silva
et al, 2015). A pH Stat Automatic Titrator (model DL 21 Grafix; Mettler-Toledo,
Schwerzenbach, Switzerland), with stirring and controlled temperature, was used to obtain the
hydrolysate. After 180 min of reaction time, the enzyme was deactivated (85 °C/15 min), and
the degree of hydrolysis (DH) of the hydrolysate, determined according to Adler-Nissen (1986),
was 16.2%. The reaction mixture was adjusted to pH 6.0 with 1 mol/L HCI, diluted to 5% w/v
protein and ultrafiltered (Ultrafiltration System Pellicon®, Millipore, Bedford, MA, USA) on an
ultrafiltration membrane with an MWCO of 5 kDa (Cartridge Prep/Scale: TFF 6 ft?). Six
diafiltration cycles were done, with addition of water at constant volume. The filtrate fraction
(F), with MM < 5 kDa; retentate (R), with MM > 5 kDa; and non-ultrafiltered hydrolysate (H)
were used as ligands. WPI was also used as a ligand to obtain protein-iron complexes and
compare its behavior with peptide-iron complexes.

2.3. Synthesis of whey peptide-iron complexes

Whey peptide-iron complexes were synthesized using the same conditions as
reported (Caetano-Silva et al., 2015). Briefly, dispersions of the ligands (WPI, H, F, and R) with
4% (w/v) protein were adjusted to pH 7.0, and FeCl..4H20 or FeS04.7H20 was then added to
reach an iron concentration of 0.1% (w/v). The pH of the mixture was readjusted to 7.0 every
15 min for 60 min with stirring at 25 £ 2 °C. The solutions were then centrifuged (50009/20
min) and passed through a common filter paper. The supernatants that contained the

complexes were analyzed for iron content and freeze-dried.

2.4. Determination of iron

The iron content of supernatants from the synthesis reaction and freeze-dried
complexes was determined by atomic absorption spectrophotometry (AAS) according to Cilla
et al. (2008) on an Agilent Technologies 200 Series AA spectrometer (Santa Clara, CA, USA),
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equipped with a deuterium lamp background corrector. Before the iron was measured, the
organic matter was destroyed by ashing at 450 °C (model K1253A; Heraeus Instruments,
Hanau, Germany), dissolved in concentrated HCI, and transferred quantitatively to volumetric
flasks. The volumes were increased to 50 mL with ultrapure water.

Iron content was measured using a hollow cathode lamp for iron (248.3 nm), with
air flame (2.5 L/h) acetylene (10 L/h), at approximately 2000 °C, using a standard curve ranging
from 0.12 to 5.0 mg Fe/L. Iron standard solutions were freshly prepared by diluting a standard
solution (1000 mg/l FeCls in 15% HCI; Titrisol, Merck, Barcelona, Spain) with ultrapure water.
Reference material (skim milk powder CRM 063) was analyzed to check the accuracy, and the
certified and experimental values were 2.06 + 0.25 and 2.02 + 0.28 mg Fe/g, respectively. The
coefficient of variation with regard to the precision was 4.76%. All experiments were carried
out in triplicate.

2.5. Evaluation of iron solubility and in vitro absorption in free and complexed forms

The following analyses were carried out with iron in free form, as ferrous sulfate or
ferrous chloride, and in complexed form, as peptide-iron complexes or ferrous bisglycinate
(Bis-Fe). The complexes with H, F, R, and WPI were termed H-Fe, F-Fe, R-Fe, and WPI-Fe,
respectively. The iron source was expressed with the letters C and S for FeCl. and FeSOs,
respectively.

2.5.1. Iron solubility at different pH levels

The freeze-dried complexes were dispersed in Milli-Q water (2 mg/mL), and the pH
was adjusted with 0.1 mol/L NaOH or HCl to 2.0, 4.0, 6.0, or 8.0. The dispersions were kept at
room temperature (25 + 2 °C) with stirring (500 rpm) for 60 min and centrifuged (3200g/60 min,
4 °C). The centrifugation force was the same as in bioaccessibility assessment (see item 2.5.2
below), to compare the chemical and physiological solubility of iron. The iron content in the
supernatants was determined by AAS, as previously described. The same procedure was
carried out with 1 mM FeClz or FeSOs solution to evaluate the iron solubility under the same

conditions.

The protein content of the complexed samples was determined by Lowry et al.
(1951).
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2.5.2. In vitro gastrointestinal digestion and iron bioaccessibility

Dispersions of pepsin and pancreatin with bile extract were demineralized with
resin (Chelex-100, Sigma Chemical Co.) to remove iron according to Glahn et al. (1998), with
modifications as described by Perales et al. (2005). /n vitro gastrointestinal digestion was
carried out as described by Cilla et al. (2008). Briefly, an amount of each sample, enough for
2.4 mg Fe, was diluted in 80 mL of cell culture—grade water (Aqua B Braun, Braun Medical,
Barcelona, Spain), adjusted to pH 2.0 with 6 mol/L HCI, and allowed to stabilize for 15 min,
with readjustments to the pH if necessary. An aliquot of freshly prepared demineralized pepsin
solution was added to the samples (0.02 g pepsin/sample), and the volume was increased to
100 mL and incubated at 37 °C for 2 h with stirring. Pepsin digestion was interrupted by keeping
the gastric digests in an ice bath for 10 min, and the pH was adjusted to 6.5 with 1 mol/L
NaHCO:s.

The intestinal digestion step was carried out after the addition of freshly prepared
demineralized pancreatin/bile extract solution (0.005 g pancreatin and 0.03 g bile
extract/sample) for 2 h at 37 °C with stirring. The digests were then placed in an ice bath for
10 min to interrupt the digestion, and the pH was adjusted to 7.2 by dropwise addition of 0.5
mol/L NaOH. The bioaccessible fraction was obtained by centrifugation (32009/60 min, 4 °C).
Total and soluble iron content was determined by AAS. Iron bioaccessibility was calculated as
the amount of soluble iron relative to the total amount, according to Equation 1:

_ o Fe soluble (bioaccessible fraction)
% Iron bioaccessibility = Fe total (initial) x 100

After digestion, all samples were stored frozen until further analysis.

2.5.3. Iron bioavailability

2.5.3.1. Cell culture

The Caco-2 cells assays were carried out according to Garcia-Nebot et al. (2010).
Caco-2 cells were obtained from American Type Culture Collection (HTB-38, Rockville, MD,
USA), and all assays were performed between passages 35 and 45. The cells were cultured

and maintained under low iron conditions according to Viadel et al. (2007). To avoid
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interference from iron sources other than the samples, fetal bovine serum (FBS) was depleted
of iron as follows: The pH of FBS was adjusted to 4.5 in the presence of 300 g/| Chelex and
stirred for 2 h, and the pH was readjusted then to 7.2. FBS was incubated at room temperature
overnight, passed through a common filter paper, and sterilized through a 0.22-um filter.

Cells were maintained in medium that was depleted of iron (DMEM FeF), in an
incubator at 37 °C in a 5% CO2/95% air atmosphere at constant humidity in 75 cm? flasks.
DMEM FeF consisted of Dulbecco's Modified Eagle's Medium (DMEM) containing 1 g/L
glucose (Gibco BRL Life Technologies, Scotland) and supplemented with 10% (v/v) FBS that
was depleted of iron, 1% (v/v) non-essential amino acids (Gibco), 1% (v/v) HEPES, 1% (v/v)
antibiotic solution (penicillin—streptomycin) (Biowhittaker), and 0.1% (v/v) Fungizone at pH 7.2—
7.4. The culture medium was changed every 2 days.

After reaching confluence, the cells were detached with trypsin-EDTA solution and
seeded at a density of 50,000 cells/cm? in 6-well plates and maintained in DMEM FeF. The
iron uptake assays were carried out 10 days post-seeding, with differentiated cells previously
characterized by the transepithelial electrical resistance values (>500 Q cm™). Prior to the iron
bioavailability assays, the bioaccessible fractions were supplemented with 50 mM NaCl and
diluted 1:1 (v/v) with DMEM FeF to adjust the osmolality to a physiological value (290-300
mOsm/Kg) (Ekmekcioglu, 2002), using a freezing-point osmometer (Osmomat 030, Berlin,
Germany). Each experiment was conducted with four replicates.

2.5.3.2. Cell viability test

The cell viability test was carried out by MTT (3-[4,5-dimethylthiazol-2-yl]-2,3-
diphenyl tetrazolium bromide) assay, according to Cilla et al. (2008). The MTT assay was
conducted after exposing Caco-2 cells to bioaccessible fractions with adjusted osmolality. MTT
was added to a final concentration of 0.5 mg/mL in PBS, and the plates were incubated at 37
°C for 2 h. After the MTT solution was removed, insoluble formazan was dissolved in 2-
propanol acid, and the optical density was measured at 570 nm, with background subtraction
at 690 nm (Perkin Elmer Lambda 2 UV/Vis, Spectrometer, Waltham, MA, USA). The
percentage of cell viability was calculated using untreated cells as a positive control (100% cell
viability). All experiments were carried out with four replicates.
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2.5.3.3. Ferritin assay

Immediately before the addition of the bioaccessible fraction, the cell growth
medium was removed from each well, and the cell monolayer was washed with PBS at 37 °C.
An aliquot (2 mL) of the bioaccessible fraction, with adjusted osmolality, or DMEM FeF (blank)
was added to the cell monolayer. The cells were incubated at 37 °C for 2 h in 5% CO- and
95% relative humidity. The samples then were replaced with DMEM FeF and returned to the
incubator for an additional 22 h.

Ferritin and total protein were determined according to Garcia-Nebot et al. (2010).
Cell monolayers were washed with PBS and detached with trypsin~EDTA solution.
Subsequently, the cells were collected with 2 mL of cell-culture-grade water and homogenized
at 17,000 rpm for 1 min at 4 °C (Polytron PT 2000, Kinematica AG). Aliquots of the cell
suspensions were used to measure ferritin (Spectro Ferritin kit, Catalogue number S-22,
Ramco Laboratories Inc., Stafford, TX, USA). The cell protein content was determined
according to Lowry et al. (1951). The ferritin/protein ratio (ng ferritin/mg protein) was used as
an index of iron uptake. Control cells (blank) were used throughout the experiments.

2.6. Statistical analysis

The analyses were carried out at least in triplicate unless otherwise indicated. The
mean and relative standard deviation were calculated. The RSD was represented as (standard
deviation/mean) x 100. The statistical analysis of the results was carried out using GraphPad
Prism 6 (GraphPad Software Inc., La Jolla, CA, USA) by one-way analysis of variance
(ANOVA). For statistical differences between samples (Fcalc > Ftab), the means were
compared by post hoc Tukey'’s test; p < 0.05 was considered significant (Granato et al., 2014).

3. Results

3.1. Synthesis of whey peptide-iron complexes

Iron showed high solubility (>85%) after the synthesis reaction with all ligands,
whereas in the control assays with both salts at the same pH, iron remained insoluble. Iron in
aqueous medium in the presence of oxygen forms insoluble ferric oxide, generating an
inaccessible iron form (Frazer & Anderson, 2014). In contrast, synthesis reaction increased
the iron solubility, although it was not possible to confirm whether the iron was in its ferrous or
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ferric form during synthesis, because oxygen interferes with the oxidation state of the iron. The
increased iron solubility suggests that all ligands, regardless of MM profile, have iron-binding
capacity, hindering iron precipitation. The iron content of freeze-dried complexes with whey
protein/peptides ranged from 16.7-20.3 ug/mg of sample (RSD < 4.2%), whereas Bis-Fe had
an iron content of 190.8 ug/mg of sample (RSD 0.9%).

3.2. Iron solubility at different pH levels

The solubility of iron compounds is an important property that helps us understand
their behavior in various food matrices and under physiological conditions. Iron solubility in free
and complexed forms changed as a function of pH (Figure 1). Both iron salts showed high
solubility at pH 2.0 and 4.0 (77.9-99.4%) and low solubility at pH 6.0 and 8.0 (0.9-5.9%),
whereas the iron solubility of complexes exceeded 90% at pH 2.0, 6.0, and 8.0, decreasing at
pH 4.0, especially complexes with R. Complexes with WPI, however, showed lower iron
solubility at pH 6.0 and high solubility at pH 4.0. The low solubility at pH 6.0 can possibly be
attributed to a change in the isoelectric point (pl) of WPI, which is approximately 4.8
(Demetriades et al., 1997), as a result of iron complexation, which occurs primarily through
coordinated bonds with residues of acidic amino acids (Storcksdieck et al., 2007).

The decrease in iron solubility paralleled the protein/peptide solubility, as
evidenced for R-Fe at pH 4.0 and WPI-Fe at pH 6.0 (Figure 1, By and By). Peptide—peptide
and protein—protein interactions might improve as a result of a change in the pH, leading to
precipitation, including that of the complexed iron.
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Figure 1. (A) Iron solubility in free form (FeClz or FeSO4) and complexed with hydrolysate (H-
Fe), filtrate (F-Fe), retentate (R-Fe) or WPI (WPI-Fe) as a function of pH; S: Complexes with
FeSO4; C: Complexes with FeCly; Bis-Fe: ferrous bisglycinate. (B) Protein solubility in peptide-
iron complexes as a function of pH. *Samples statistically different (p < 0.05) from control assay
(FeSOq or FeClz) by Tukey's test.

3.3. Iron bioaccessibility

In the context of this study, iron bioaccessibility was assumed to be iron solubility
after in vitro gastrointestinal digestion. The bioaccessibility of iron salts (Figure 2) was higher
than the iron solubility in water at pH 6.0—8.0 with no addition of digestive fluids (Figure 1 A—
Az). This finding might be attributed to the binding ability of simulated gastrointestinal fluids,
possibly due to the interactions between iron and the available functional groups on
gastrointestinal enzymes (Caetano-Silva et al., 2015; O'Loughlin et al., 2015). In addition,
porcine bile extract has strong ferrous-chelating ability (O'Loughlin et al., 2015), which might
also have increased iron solubility. The bioaccessibility of complexed iron ranged from 85% to
100%, whereas that of free iron was 49.1% and 63.1% for FeSO4 and FeCl,, respectively
(Figure 2). The iron bioaccessibility of complexes was not influenced by the iron source (p >
0.05). Bis-Fe showed lower bioaccessibility than the synthesized complexes (60.7%).

All bioaccessible fractions were thawed and homogenized before the cell assays.
Bioaccessible fractions of iron salts, however, showed iron precipitation after thawing. The iron

content in the thawed supernatant was 2.6-fold and 6.9-fold lower than the total iron content,
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which was measured just after the bioaccessibility assay, for FeSO4 and FeCly, respectively
(data not shown), highlighting the low stability of iron at neutral pH and the potential formation
of hydroxides.
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Figure 2. Iron bioaccessibility (%)* in free and complexed forms. *Soluble iron after in vitro
gastrointestinal digestion and centrifugation (3200g/60 min, 4 °C). H-Fe: complex with
hydrolysate; F-Fe: complex with filtrate (fraction < 5 kDa); R-Fe: complex with retentate
(fraction > 5 kDa); WPI- Fe: complex with WPI; S: FeSOs4; C: FeCly; Bis-Fe: ferrous
bisglycinate. All samples were compared by Tukey’s test and different lowercase letters (a-d)
are statistically different (p < 0.05). Results are shown as mean * standard deviation.

3.4. Cell viability by MTT assay

All samples were tested regarding their ability to interfere with cell viability after
adjustments to the osmolality (290-300 mmol/kg). In the MTT assay, the cell viability was
greater than 87% for all samples compared with the DMEM-only control assay. This result
indicates that complexes and iron salts did not compromise cell growth. Therefore, the same
conditions — bioaccessible fraction diluted 1:1 with DMEM FeF and addition of NaCl — were

used for the bioavailability assays with Caco-2 cells.
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3.5. Iron bioavailability

Figure 3 shows the ferritin synthesis by Caco-2 cells, an indirect measurement of
iron bioavailability (ng ferritin/mg cell protein), for all complexes, free iron, and Bis-Fe.
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Figure 3. Iron bioavailability (ng ferritin/mg cell protein) in free and complexed forms. H-Fe:
complex with hydrolysate; F-Fe: complex with filtrate (fraction < 5 kDa); R-Fe: complex with
retentate (fraction > 5 kDa); WPI- Fe: complex with WPI; S: FeSOs; C: FeCl,; Bis-Fe: ferrous
bisglycinate. All samples were compared by Tukey-s test and different lowercase letters (a-e)
are statistically different (p < 0.05). Results are shown as mean * standard deviation.

The F-Fe C complex yielded ferritin synthesis rates that were 2.4-, 5.6-, and 12.7-
fold higher versus the H-Fe C, WPI-Fe C, and R-Fe C complexes, respectively, whereas the
F-Fe S complex yielded ferritin synthesis rates that were 1.3-, 3.6-, and 6.3-fold higher
compared with the H-Fe S, WPI-Fe S, and R-Fe S complexes. No difference (p >0.05) was
observed between complexes with the same ligand changing the iron source, except for F in
complex with FeClz, which led to greater ferritin synthesis than when complexed with FeSOa.
Complexes with high MM peptides (R) and intact protein (WPI) elicited lower ferritin synthesis
rates than their respective salts, whereas ferritin synthesis was similar between Bis-Fe and
ferrous sulfate. The F-Fe C complex seems to be of interest, once iron uptake from this
complex increased 27.5% compared with its respective salt (FeCl,) and 72.7-78.2% versus
FeSO, and Bis-Fe, both of which are commonly applied in food fortification.
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4. Discussion

To the best of our knowledge, this is the first study to evaluate the iron
bioavailability of peptide-iron complexes obtained with different iron sources, compared with
compounds that are frequently used for iron fortification, such as ferrous sulfate and ferrous
bisglycinate. Several ligands and iron sources were used to synthesize peptide-iron
complexes, and the in vitro iron bioaccessibility and bioavailability from these complexes and

from iron salts were assessed.

Bioaccessibility can be defined as the mineral that is released from the matrix
during gastrointestinal digestion and becomes available for absorption in the intestine (de Lima
et al., 2014). On the other hand, bioavailability is the proportion of ingested mineral that is
available for use in metabolic processes or for deposition in storage compounds (Argyri et al.,
2011) — namely, the mineral that is absorbed. Ferritin synthesis was used to assess iron
uptake as an indirect measure of iron bioavailability. In the past several years, this
measurement has been used widely (Cilla et al., 2008; Eckert et al., 2016; Garcia-Nebot et al.,
2010; Viadel et al., 2007; Wang et al., 2014; Zhu et al., 2009) because iron can be stored as
ferritin, and greater iron absorption increases ferritin synthesis in Caco-2 cells (Glahn et al.,
1998).

Although the bioaccessibility of iron is a precondition for its availability for
absorption (Cilla et al., 2008; Salovaara et al., 2002), our results show that it does not
necessarily predict bioavailability. The iron bioaccessibility of all complexes was high, with no
difference among ligands, whereas bioavailability differed among them. Iron that was
complexed with F exhibited the highest bioavailability compared with the other ligands. The
complexes with R and WPI (high MM profiles) showed lower bioavailability than the respective
salts, suggesting that complexes with these ligands hinder iron release and absorption.
Complexes with H had intermediate values of bioavailability, due to the presence of high- and
low-MM peptides as ligands.

The mechanism by which complexed iron enters the enterocyte is still unknown,
for which two possible mechanisms have been considered. Complexed iron may be
transported while remaining coordinated across the brush border membrane through the
normal ligand pathway for release inside the cell. For instance, heme iron is transported by a
specific binding protein and is then broken down by heme oxygenase 1 (Frazer & Anderson,
2014). Conversely, if complexed iron is released from the complexes prior to entering the
enterocyte, it might be taken up by DMT-1 (divalent metal transporter-1), a membrane protein

that is involved in iron transport across intestinal cells (Frazer & Anderson, 2014; Zhu et al.,
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2009). In the latter pathway, effective uptake will depend on the forces of interaction in the
complex formation and the ability of the ligand to release the mineral near the enterocyte to
allow iron uptake by that transporter. Some complexes can be strong enough to keep iron from
being donated to enterocytes, consequently impeding absorption (Salovaara et al., 2002),
which appears to be true for the R and WPI complexes, which are composed of peptides with
MM > 5 kDa and intact proteins, respectively.

The ligands H, R, and F contain iron-binding peptides with similar sequences,
which were identified in a previous work (Caetano-Silva et al., 2015). These peptides,
especially the sequences “°YVEELKPTPEGDLEILY and '>*RTPEVDDEALEK® in B-Lg and
82DDDLTDDI® in a-La, are rich in Asp (D) and Glu (E) residues, the main iron-binding sites
(Caetano-Silva et al., 2015). Despite this similarity, only the complex with F and FeClz2 might
have favored iron entry into enterocytes, increasing ferritin synthesis. Thus, we hypothesize
that iron enters intestinal cells while remaining coordinated with low-MM peptides through a
normal intestinal absorption route for peptides, such as carrier-mediated absorption by peptide
transporter (PepT1) for di- and tripeptides, transcytosis (intracellular vesicle-mediated
transport system) for oligopeptides, and paracellular passive diffusion for oligo and di-
/tripeptides (Wada & Lénnerdal, 2014).

Concerning the ligand F, the iron source appears to interfere with how iron is
absorbed. This finding can be explained in part by the presence of the iron salt counterions —
chloride or sulfate — which can differentially affect peptide—peptide interactions and the
structures of complexes. During in vitro gastrointestinal digestion, the enzymatic activity might
differ for each complex, depending on the exposure of the cleavage sites. Thus, the
compounds that reach the enterocyte might differ in structure and molecular size, leading to
different iron uptake.

Many compounds are used for food fortification with iron, but ferrous sulfate has
been one of the most commonly applied agents for controlling anemia, and it is considered a
reference (Quintaes et al., 2017). Hence, in comparing the bioavailability of all samples with
that of FeSO4 (Figure 3), F-Fe C is a potential alternative for food fortification because its
bioavailability was approximately 70% higher than that of this reference salt. Bis-Fe, which
has been proposed for iron fortification in recent years, had bioavailability similar to ferrous
sulfate, which is consistent with other authors (Fox et al., 1998; Wortley et al., 2005; Yeung et
al., 2002).

In this study, the iron uptake from iron salts and complexes was determined in the

absence of a food matrix. However, the food matrix has an important role in iron absorption
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and can influence bioavailability in many ways. Bovell-Benjamin et al. (2000) reported that the
absorption of iron from FeSO4 was 19-fold greater than from a food matrix (whole maize meal),
whereas the absorption of ferrous bisglycinate decreased by roughly 30% in the presence of
the same matrix. The authors observed that ferrous bisglycinate was absorbed better than free
iron in the presence of dietary inhibitors, possibly due to the protective effects of glycine, which
chelates and protects iron from inhibitors (Ma et al., 2013). Further studies are needed to
demonstrate how a food matrix can interact with the complexes that were synthesized in this
study.

In addition to the physiological implications, iron solubility is an important property
of a food ingredient because it can facilitate the incorporation of iron compounds in specific
foodstuffs. Technologically, F complexes can be applied, especially F-Fe C, because they
showed high iron solubility in a wide range of pH levels (Figure 1), making it easier to be
incorporated in various products. The expected reduction in the pro-oxidant effects of iron due
to complexation might minimize the undesirable changes in the products to which these
complexes are added.

5. Conclusions

Whey peptide-iron complexes that are synthesized from low-MM peptides and
FeClz are a promising alternative to fortify food with iron instead of one of the most commonly
applied salts, ferrous sulfate. Such complexes can be applied to several products and protect
iron during gastrointestinal digestion, due to their high solubility over a wide range of pH and
their greater bioaccessibility and bioavailability versus iron salts. The source of iron for
synthesizing peptide-iron complexes might influence its bioavailability, requiring careful
consideration. We are characterizing these complexes to understand the differences between
iron sources better. Future studies on peptide-iron complexes in food products should
demonstrate the impact of a food matrix on the bioavailability of iron from free and complexed
iron and guide their application.
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ABSTRACT

Food fortification with iron may lead to lipid oxidation both in food matrices and human body.
Iron in the form of salts (FeSO4 or FeClz) or complexes (peptide-iron complexes or ferrous
bisglycinate) were added to oil-in-water (O/W) emulsions and the extent of lipid oxidation was
evaluated during 7 days, measured as primary (peroxide value) and secondary products
(TBARS and volatile compounds from lipid oxidation by gas chromatography coupled with
mass spectrometry — GC-MS). Both salts catalyzed lipid oxidation, leading to peroxide value
up to 70.6-89.8 meqv/kg, 2.6- to 4.6-fold higher than the peptide-iron complexes. The volatile
compounds, especially the main compound hexanal, were dramatically decreased in
emulsions containing complexes comparing to the ones with iron salts. The two different iron
salts led to varying levels of lipid oxidation, although the oxidation pathway was the same. The
addition of peptide-iron complexes to the emulsions resulted in much lower lipid oxidation than
the iron free form, possibly due to the antioxidant activity of the peptides and their capacity to
keep iron away from the lipid phase since it is coordinated and takes part of a stable structure.
The peptide-iron complexes showed potential to reduce the undesirable sensory changes in
food products, and decrease the side effects related to free iron and the lipid damage of cell

membranes in the organism, due to the lower reactivity of iron in the complexed form.

Keywords: Food fortification, gas chromatography, GC-MS, iron complexes, volatile lipid
oxidation products (VLOPs), whey protein hydrolysate.
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1. Introduction

Food fortification with iron is a strategy employed in many countries to decrease
the anemia prevalence, one of the main nutritional problems in the world (WHO, 2015). For
this practice to be effective, it is necessary to avoid sensory changes and assure iron
bioavailability. Nevertheless, the most bioavailable forms of iron are generally more reactive
(Habeych et al., 2016), thus, food fortification with this mineral may result in changes in
physical and sensory properties of foods (Guo et al., 2014). Among the compounds that can
be used for this purpose, ferrous sulfate has been the most applied, despite the side effects
related to its use, such as heartburn, abdominal pain, nausea and diarrhea (Mimura et al.,
2008). The use of this salt is also related to the formation of hydroxyl radicals, which can start
the peroxidation of lipids of biological membranes, enzyme inactivation and DNA damage
(Shiota et al., 2006; Schimann et al., 2007).

In iron fortified food products, lipid oxidation has a crucial role in the quality and
shelf life due to the deleterious effects on polyunsaturated fatty acids and other oxidizable
substrates (Coupland & Mcclements, 1996; Kamal-Eldin & Yanishlieva, 2005). The production
of free radicals, catalyzed by iron ions in emulsified lipids, leads to rancidity, with the
development of undesirable flavors (Cheng & Li, 2007). Iron can also catalyze lipid oxidation
of cell membranes (Guzun-Cojocaru et al., 2011), resulting in the formation of reactive oxygen
species (ROS). These reactive species participate in tissue injuries and are related to cardio
and neurological diseases (Frankel, 1991; Torres-Fuentes et al., 2012). In addition, free iron
are related to gastric mucosa damage (Slivka et al., 1986) and may intensify inflammatory
disturbs (Lih-Brody et al., 1996; Cayot et al., 2013).

Iron may lead to formation of lipid radicals by the Fenton reaction, in which catalytic
amounts of iron yield to hydroxyl radicals (OH+) from superoxide (O2+—) and hydrogen peroxide
(H20) (Papanikolaou & Pantopoulos, 2005), which can then abstract hydrogen atoms from
unsaturated fatty acids (Cheng & Li, 2007). These unsaturated fatty acids can form alkyl and
peroxyl radicals as a consequence of free radical chain reaction in the presence of oxygen
(Frankel, 1980). The primary compounds of lipid oxidation, lipid hydroperoxides (LOOH), are
formed by the reaction of these radicals and give rise to low molecular mass (MM) secondary
products, such as aldehydes, ketones, and alcohols (Pratt et al., 2011). Therefore, both
primary and secondary products of lipid oxidation should be monitored to follow the oxidative
process.

Proteins dispersed in the continuous phase of oil-in-water (O/W) emulsions can
inhibit the lipid oxidation (Faraji et al., 2004; Elias et al., 2005; Guzun-Cojocaru et al., 2011),
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but peptides have higher antioxidant potential and may enhanced the protection against lipid
oxidation in an emulsion system (Diaz et al., 2003; Elias et al., 2006). Lipid oxidation lowering
effect can be attributed to radical scavenging or complexation with pro-oxidant metals naturally
present within the system (Faraji et al., 2004; Elias et al., 2005). Some authors have reported
the effect of iron complexation by proteins on the decrease of the extent of lipid oxidation in
milk or emulsions model systems added with iron sources (Hekmat & Mcmahon, 1998;
Sugiarto et al., 2010; Ueno et al., 2012; Ueno et al., 2014).

Although peptides have been considered as good ligands to coordinate iron ions
and form stable complexes (Huang et al., 2011; Zhou et al., 2012; Caetano-Silva et al., 2015;
Eckert et al., 2016), the capacity of peptide-iron complexes to decrease lipid oxidation through
coordination of the iron ions has not been studied. In previous studies, we demonstrated that
peptides from whey protein hydrolysate form stable complexes with iron, by bidentate
coordinate covalent bonds (Artigo 1; p. 48), which protect iron during in vitro gastrointestinal
digestion and lead to an increase in iron uptake in Caco-2 cells (Caetano-Silva et al., 2017).
In the present study, we evaluated the primary and secondary products of lipid oxidation in
O/W emulsions containing iron in various forms: iron salts (FeSO4 and FeCly) and whey
peptide-iron complexes. We aimed at evaluating the effect of peptide-iron complexation on
lipid oxidation catalyzed by iron, using O/W emulsions as a model system.

2. Material and Methods

2.1. Material

Whey protein isolate (WPIl) PROVON® was obtained from Glanbia Nutritionals
(Kilkenny, Ireland) (90.4 + 1.1 % protein, determined by the micro-Kjeldahl method (AOAC,
2006) — conversion factor: 6.38). The enzymatic system Pancreatin (4xUSP, from porcine
pancreas, EC 232-468-9, P1750), Tween 20 (Polyethylene glycol sorbitan monolaurate,
P9416) and ferrous sulfate (FeS04.7H20) were purchased from Sigma-Aldrich® (St. Louis,
MO, USA). Ferrous chloride (FeCl2.4H>O) was purchased from J.T. Baker (Phillipsburg, NJ,
USA). The patented complex Ferrochel® (ferrous bisglycinate) was kindly donated by Albion
Laboratories (Clearfield, Utah, USA). The canola (Brassica campestris L.) oil used for emulsion
preparation was purchased in a local market. This oil is constituted by 13 to 81% of
monounsaturated fatty acids and 16 to 39% of polyunsaturated fatty acids with 11 to 23% (w/w)
of linoleic acid residues (n-6) and 5 to 13% (w/w) of a-linolenic acid residues (n-3) (Codex
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Alimentarius, 1999). The following standards used in SPME-GC-MS to identify and quantify
the volatile compounds were purchased from Sigma Aldrich® (St. Louis, MO, USA), with purity
varying from 95 to 99%: pentanal, hexanal, 1-penten-3-ol, 1-pentanol, 1-hexanol, nonanal, 1-
octen-3-ol, 1-heptanol.

2.2. Synthesis of peptide-iron complexes

The peptide-iron complexes were synthesized according to previous experiments
(Caetano-Silva et al., 2017). Briefly, WPI (10% protein solution w/v) was hydrolyzed with
pancreatin (enzyme:substrate ratio E/S 4% w/w) at pH 8.0 and 40 °C for 180 min and the
enzyme was deactivated by heating (85 °C/15 min), accordingly to previously defined
conditions. The hydrolysate was ultrafiltered using a cut-off 5 kDa membrane, and the fraction
filtrate (F), MM < 5kDa, was freeze-dried and used as a ligand. The complexes were
synthesized at pH 7.0, using 4% protein and 0.1% iron from FeClz or FeSO4. After 60 min with
stirring (25+2 °C), the solutions were centrifuged (50009/20 min) and the supernatant,
containing the complexes, were freeze-dried. The complexes synthesized with the filtrate and
FeCl. (F-Fe C) or filtrate and FeSO. (F-Fe S) were stored frozen (-18 °C) until further analysis.
The iron content of F-Fe C and F-Fe S, determined as described at item 2.3, was 18.2 + 0.3
and 17.2 £ 0.8 ug Fe/mg, respectively, while ferrous bisglycinate (Bis-Fe) showed an iron
content of 193.3% 3.1 pug Fe/mg.

2.3. Iron analysis

The iron content of the freeze-dried peptide-iron complexes (F-Fe C and F-Fe S)
and ferrous bisglycinate (Bis-Fe) was assessed by atomic absorption spectrophotometry
(AAS), using a Perkin-Elmer Analyst 300 spectrometer (USA) equipped with a deuterium lamp
background corrector. The procedures were carried out according to Boen et al. (2008). Briefly,
samples were digested with concentrated nitric acid and hydrogen peroxide (2:1 v/v) at 110 °C
for 2 h. After transferring the samples to volumetric flasks and completing the volume with
ultrapure water, the iron content was measured using a hollow cathode lamp for iron (248.3
nm). A standard curve ranging from 0.2 to 2.6 mg Fe/L was built. The experiments were carried
out in triplicate.
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2.4. Oil-in-water emulsion preparation

The effect of iron complexation on the lipid oxidation catalyzed by iron was
evaluated in O/W emulsions containing peptide-iron complexes, in comparison with emulsions
containing the iron salts FeCl, or FeSO4. The O/W emulsion was prepared with canola
(Brassica campestris L.) oil due to its high content of polyunsaturated fatty acids. The
procedures were carried out based on described by Guzun-Cozocaro et al. (2011) with

modifications.

The emulsion was formulated with 30% canola oil, 1% Tween 20 and ultrapure
water, at room temperature (25+2 °C). Preparation was carried out in two steps: pre-
emulsification in a rotor—stator homogenizer (Ultra Turrax model T18, IKA, Staufen, Germany)
(14.000 rpm/4 min), creating a coarse emulsion, followed by a two-stage high-pressure valve
homogenizer (30 MPa/5 MPa) (Panda 2K NS1001L, Niro Soavi, Parma, ltaly) (Gomes et al.,
2016). The size of the droplets, expressed as the volume-surface mean diameter (Ds2) and
measured by the laser diffraction method using a Mastersizer 2000 (Malvern Instruments Ltd.,
Malvern, UK), was 1.31 £ 0.02 um. Immediately after the preparation, the pH of the emulsion
was adjusted to 2.0 to allow proper solubility of complexes and iron salts.

Seven emulsions were prepared with 1 mmol. L' Fe by the addition of: 1) ferrous
chloride (FeClz); 2) ferrous sulfate (FeSOas); 3) peptide-iron complex F-Fe C; 4) peptide-iron
complex F-Fe S; 5) filirate and FeCl> (F + C); 6) filirate and FeSO4 (F + S); and 7) ferrous
bisglycinate (Bis-Fe). Two emulsions with no iron addition were prepared: 1) emulsion with
filtrate addition (F) and 2) emulsion with no other component addition (control). The emulsions
were stored in the dark at 30 °C in an Incubator BOD - Biological Oxygen Demand (TE-390,
Tecnal, Piracicaba, SP, Brazil). The primary and secondary products of lipid oxidation were
measured every day during 7 days (Guzun-Cojocaro et al., 2011). Day 0 corresponds to the

emulsion control immediately after the emulsion preparation.

2.5. Primary products of lipid oxidation: peroxide value (PV)

The primary products of lipid oxidation were quantified by the peroxide value (PV)
assay, using a protocol adapted from Rebellato et al. (2015). Briefly, 10 g of emulsion were
destabilized by chloroform addition (1:2 w/v) and 0.5 g sodium sulfate. After 2 min of vigorous
shaking, the destabilized emulsion was centrifuged (83000g/5 min, 4 °C), the aqueous phase

was removed by aspiration and the bottom layer passed through a common filter paper. The
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analyses were carried out using the lipid fraction (micelle with chloroform). This procedure was
carried out in triplicate for each sample, in three independent trials. After addition of acetic acid
(3:2 v/v) and 0.5 mL KI saturated solution to the lipid fraction, the following procedure was
repeated three times: 20 seconds of vigorous shaking and 10 seconds of rest in the dark. The
PV was determined by titration with sodium thiosulphate using starch (1% solution) as indicator
as described by American Oil Chemists” Society, Cd 8-53) (AOCS, 1997). The PV was given
by Equation 1:

Cx1000xV
PV (meqv/kg) = — (Eqa. 1)

Where: PV = peroxide value (meqv /kg); C = molarity of sodium thiosulphate solution (mol/L);
V = volume of sodium thiosulphate solution (mL); m = sample mass (g).

2.6. Secondary products of lipid oxidation

The secondary products formation was evaluated by two different methods:
determination of thiobarbituric acid reactive substances (TBARS) and identification and
quantification of volatile compounds by solid-phase micro-extraction - gas chromatography
coupled with mass spectrometry (SPME-GC-MS).

2.6.1. TBARS

TBARS test indirectly quantifies the formation of malonaldehyde (MDA), a
dialdehyde formed during the oxidation of polyunsaturated fatty acids and largely used as a
bioindicator (Grotto et al., 2008). The reaction between 2-thiobarbituric acid and MDA leads to
a red compound, measured spectrophotometrically (532 nm). TBARS values were determined
according to Di Mattia et al. (2010) with modifications. Briefly, emulsions were diluted with
ultrapure water (1:5 to 1:100) and aliquots of 2.0 mL were transferred for test tubes. Four
milliliters of TBA reagent (15% w/v trichloroacetic acid and 0.375% w/v thiobarbituric acid in
0.25 mol/L HCI) were added to the tests tubes, incubated in a boiling water bath for 15 min,
then cooled in an ice bath for 10 min and centrifuged (6800g/15min). The absorbance of
supernatants was measured at 532 nm using an Agilent 8453 spectrophotometer (Agilent
Technologies, Waldbronn, Germany).
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Each experiment was accomplished in four replicates of two independent trials.
The concentrations of TBARS were determined using a standard curve prepared with 1,1,3,3-
tetraethoxypropane (TEP), which is hydrolyzed under the experiment conditions and leads to
MDA formation. The curve ranged from 0.17 to 5.5 mg. L' TEP, corresponding to 0.055 to
1.801 mg. L' MDA.

2.6.2. Volatile lipid oxidation products (VLOPS) by SPME-GC-MS

The volatile lipid oxidation products (VLOPs) produced during the 7 days of
emulsion storage were identified and quantified by headspace solid-phase microextraction
(HS-SPME) gas chromatography coupled with a mass spectrometer detector (GC-MS) in a
GCMS-QP2010 Ultra spectrometer (Shimadzu, Kyoto, Japan). Sample preparation, i.e, pre
incubation conditions and adsorption conditions, were carried out according to Waraho et al.
(2009), while chromatographic separation and MS conditions were based on described by
Souza and Bragagnolo (2014).

Briefly, 1.0 g of emulsion was weighed in glass headspace vials with magnetic
screw caps (SU860103, Sigma-Aldrich®, St. Louis, MO, USA). The emulsion was pre-
incubated at 55 °C/13 min in an autosampler (AOC-5000, Shimadzu, Kyoto, Japan) heating
block before fiber (50/30 um DVB/ Carboxen/PDMS, Supelco) exposure in the headspace for
1 min. Then, the fiber was transferred to the injector port (250 °C/3 min), which was operated
in split mode. The separation of the volatile compounds was achieved on a capillary column
RTX-Wax (80 m x 0.25 mm inner diameter, 0.20 um thick stationary phase, polyethylene
glycol, Restek, Bellefonte, PA, USA). The column temperature started at 30 °C/5 min. The
temperature was increased up to 115 °C at a rate of 10 °C/1 min, with hold time of 1.0 min.
Then, it increased up to 220 °C at 30 °C/1 min rate, held at this temperature for 12.0 min.

The carrier gas was helium, in linear flow control mode (column flow: 1.22 mL/min).
lon source was used in electron ionization (ElI) mode at 70 eV and 250 °C, cutting the solvent
after 3.0 min. The scan mode (m/z 35-350) of the quadrupole mass/charge analyzer was used
to identify the compounds. The analyses were carried out in duplicate of two independent trials.
The spectra were processed using the selected ion monitoring (SIM) mode and the compounds
with standard for SPME-GC-MS were identified. The target ion for identification was the base
peak of each compound, as shown in Table 1.
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Table 1. Target fragments (m/z) used to identify and quantify the volatile lipid oxidation
products (VLOPs) by headspace solid-phase microextraction (HS-SPME) gas
chromatography coupled with a mass spectrometer detector (GC-MS).

Peak Compound name Target fragment (m/z)  Reference fragments (m/2)

1 pentanal 44 58, 41
2 hexanal 44 56, 41
3 1-penten-3-ol 57 41, 39
4 1-pentanol 42 55, 41
5 2-heptenal 41 55, 83
6 1-hexanol 56 43, 55
7 nonanal 57 41, 56
8 2-octenal 41 70, 55
9 1-octen-3-ol 57 43,72
10 1-heptanol 70 56, 41

The identification of the volatile compounds in the mass spectra of samples was
done by comparison with the mass spectra of the analytical standards obtained under the
same experimental conditions and by consulting the mass spectra library (Wiley9). The peak
area of Day 1 (D1) and Day 7 (D7) was determined for all the identified compounds (Table 1),
as well as the difference between them (A = D7-D1). The plot of the peak area vs. time (days)
was used to evaluate the hexanal formation during the 7 days.

2.7. Statistical analysis

The results were expressed as mean + standard deviation. The statistical analysis
was performed using the statistical package GraphPad Prism 6 (GraphPad Software Inc., La
Jolla, USA) by one-way analysis of variance (ANOVA), followed by Tukey’s test. Values of p <
0.05 were considered significant. The Pearson correlation coefficient (r) was calculated for all
samples between the variables PV and TBARS and TBARS and hexanal values. The closer
the value of r is to 1, the stronger the correlation between the two variables (Benesty et al.,
2009).
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3. Results

3.1. Primary products of lipid oxidation

Figure 1 shows the PV of emulsions containing iron from different salts and in
different forms during 7 days of storage at 30 °C. The control emulsion reached around 10
meqv/kg after 7 days. The PV increased with the addition of 1 mmol. L' iron to the emulsion,
especially in those with iron salts addition. This fact evidences the pro-oxidant effect of iron,
which catalyzed the initiation of lipid oxidation, yielding a large amount of hydroperoxides. Bis-
Fe and FeSO;, yielded similar peroxide values during the 7 days.

The addition of peptide-iron complexes to the emulsions increased the PV in less
extent than iron salts. From Day 1 to Day 7, the PV of the emulsions with peptide-iron
complexes (F-Fe S and F-Fe C) increased around 3 to 5-fold, while the values of the emulsions
with filtrate along with iron salts (F + S and F + C) increased approximately 9 to 12-fold. The
addition of F + S or F + C to the emulsions led to lower PV than the ones containing only iron
salt, especially in the first 2 days, when the PV of F + S and F + C were similar to F-Fe S and
F-Fe C. In the emulsion F, PV was around 80% lower than the control at Day 7, which reinforce
the antioxidant character of this fraction.

From the Day 5, the emulsion FeCl. presented a decrease in PV possibly because
the active phase of hydroperoxide decomposition had begun. This phase is marked by an
exponential increase in the formation of secondary oxidation products resulting from
hydroperoxide decomposition, and the rate of hydroperoxide degradation is greater than the
rate of its formation (Kamal-Eldin & Yanishlieva, 2005). The formation of hydroperoxide in all
emulsions, except for emulsion FeClz, was greater than its decomposition, since the PV values

increased until Day 7.

The iron source influenced the PV developing in emulsions. Comparing the
complexes synthesized with both iron sources, F-Fe S led to a PV approximately 30% lower
than F-Fe C at Day 7. The lipid oxidation in the presence of iron added as FeCl: differed from
FeSO4 with or without peptides addition.
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Figure 1. Peroxide value (PV) of canola oil O/W emulsion containing TmM Fe in free and
complexed forms. FeClz and FeSO4 — iron salts; F-Fe C and F-Fe S — peptide-iron complexes
synthesized with filtrate and FeCl. or FeSQg, respectively; F + C and F + S —filtrate (fraction <
5 kDa) (2 mg protein/g emulsion) + FeClz or FeSQO., respectively; Bis-Fe — ferrous bisglycinate.
Control emulsions without iron: control — with no other component addition; F —filtrate (fraction
< 5 kDa) (2 mg protein/g emulsion). Samples stored at 30 °C.
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3.2. Secondary products of lipid oxidation

3.2.1. TBARS

Formation of secondary products of lipid oxidation, measured as TBARS, was
observed from Day 1 in all iron added samples (Figure 2), indicating the fast breakdown of
hydroperoxides to other products. At Day 7 the control showed TBARS values lower than the
samples with iron addition at Day 1. The TBARS final values (Day 7) for the emulsions with
iron salts, peptide-iron complexes or iron salts + peptides were, respectively, 37 to 39-, 16 to
20-, and 27 to 28-fold higher than that of the control. By the other hand, the control emulsion
reached value more than 60% higher than the emulsion F after 7 days.

The TBARS increasing during the storage showed the same profile as observed
for peroxide formation. TBARS values showed high correlation with PV results (r > 0.96) for all
iron added samples, except for FeCl.. The lower correlation for this sample (r = 0.85) is due to
the decrease of PV from the Day 5.

The TBARS assay gives the indirect measurement of malonaldehyde (MDA), a
dialdehyde formed as a result of the reaction of a peroxyl radical with a double bond of the lipid
chain (Porter, 2013). It is worth mentioning that TBA can also react with other substances than
MDA, such as amino acids, sugars, bile pigments, and other lipid oxidation products (Knight
et al., 1988; Gutteridge, 1982). Thus, it is a nonspecific test, and the generated artifacts may
overestimate TBARS results (Mariutti & Bragagnolo, 2015).
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Figure 2. Thiobarbituric acid reactive substances (TBARS) of canola oil O/W emulsion
containing 1mM Fe in free and complexed forms. FeCl. and FeSO4 — iron salts; F-Fe C and F-
Fe S — peptide-iron complexes synthesized with filtrate and FeCl. or FeSOs, respectively; F +
C and F + S — filtrate (fraction < 5 kDa) (2 mg protein/g emulsion) + FeClz or FeSQOsa,
respectively; Bis-Fe — ferrous bisglycinate. Control emulsions without iron: control — emulsion
with no other component addition; F —filtrate (fraction < 5 kDa) (2 mg protein/g emulsion), with
no iron addition. Samples stored at 30 °C.
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3.2.2. Volatile lipid oxidation products (VLOPs) by SPME-GC-MS

The aldehydes hexanal, pentanal, 2-octenal, 2-heptenal, and nonanal, and the
alcohols 1-pentanol, 1-penten-3-ol, 1-octen-3-ol, 1-hexanol, and 1-heptanol were identified at
the first and the last day of the experiment. Table 2 shows the peak area relative to the
identified volatile compounds in the emulsions spectra at Day 1 and Day 7. The color scale
(from green to red) shows the increasing peak area of each compound. The profile of VLOPs
formed in the emulsions containing iron in free and complexed form was quite different, as can
be seen by the colors (Table 2). The addition of peptide-iron complexes led to formation of all
VLOPs in lower extent than iron salts, resulting in peak area of compounds up to 195-fold
lower. At Day 7, the main secondary products in the emulsions containing iron was hexanal,
followed by pentanal, 1-penten-3-ol, and 1-pentanol for iron salts, whey peptides along with
iron salts and Bis-Fe. For peptide-iron complexes, the main compounds, besides hexanal,
were 1-penten-3-ol and 1-hexanol.

The identified compounds were found in the emulsions from the Day 1, and their
intensity increased throughout the storage, except the alcohol 1-heptanol, that was not
detected in all samples at the first day. The volatile compounds pentanal and 1-heptanol were
not detected in the spectra of the control and F emulsions neither in the first nor in the last
day of the experiment. Concerning the different iron sources, FeSO4 and FeCl. led to different
levels of lipid oxidation products, but the pathway of lipid oxidation was not influenced since
the compounds found in all samples did not differ.

After 7 days, the relative area of the hexanal peak in the GC-MS chromatogram
was around 2 to 4-fold higher than the sum of the other identified compounds. Figure 3 shows
the total ion chromatograms (TIC) obtained by GC-MS. The great difference of intensity
between hexanal and the other compounds is clear in the chromatogram of emulsions with
FeCly, F + C, and F-Fe C. Despite the lack of specificity of TBARS assay, hexanal values
showed good correlation with TBARS ones (r > 0.85) for emulsions with iron addition, except
with peptide-iron complexes (r = 0.44-0.72).



Table 2. Volatile lipid oxidation products (VLOP) (area under the GC-MS chromatographic peak; SIM MODE) identified in canola oil O/W emulsion containing
1mM Fe in free and complexed forms.

Day 1 (D1) Day 7 (D7)
vLop Peak area (x 10%) Peak area (x 10%)
Control | FeCl, |FeSO, [F-FeC|F-FeS| Bis |F+C | F+S | F |[Control| FeCl. | FeSO, |[F-FeC|F-FeS| Bis F+C F+S F
Pentanal ~ | 31.82 | 7653 | 3.63 | 1.29 | 71.69 | 49.95 | 15.41 | * + | 729.57 | 551.93 577.64 | 534.91 | 206.56 | *
Hexanal | 2.86 87.18 | 55.73 361.54 | 209.46 |3.10| 14.56 189.26 | 90.28 1585.69
1-penten-3-ol 110.96 | 60.72 | 7.80 | 6.19 | 55.90 | 30.08 | 10.76 325.63 | 334.49 |130.32| 54.57 | 350.54 | 397.27 | 352.98
1-pentanol 11.43 | 6.84 6.63 | 3.46 | 1.54 201.08 | 185.79 159.69 | 209.75 | 85.04
2-heptenal 2546 | 15.43 | 1.69 | 112 | 13.94 | 7.79 | 3.37 149.59 | 147.10 119.21 | 131.91 | 78.92
1-hexanol 1.80 | 1.22 2228 | 19.01 | 33.48 17.82 | 18.69 | 19.88
nonanal 6.39 | 519 | 1.74 | 123 | 461 | 4.10 | 3.46 47.12 | 30.76 30.92 | 29.68
2-octenal 12.34 | 7.09 6.28 | 2.85 | 1.35 145.92 | 137.56 106.52 | 114.32 | 50.08
1-octen-3-ol 20.46 | 10.44 9.60 | 3.91 135.11 | 128.42 109.85 | 128.28 | 76.89
1-heptanol * 140 | -~ . . . - 39.85 | 1958 | * = | 21.39 | 23.36 .
AD7-D1
Peak| VLOP Targe(‘,;;:)-?me"‘ Refere"‘(’;;;;’gme“ts RT? Peak area (x 10%)
Control| FeCl. | FeSO; |F-Fe C|F-Fe S| Bis F+C F+S F
1 Pentanal 44 58, 41 53| * |697.75 | 475.40 505.95 | 484.96 | 191.15 | *
2 Hexanal 44 56, 41 7.9 | 11.70 102.08 | 34.55 1376.24
3 | 1-penten-3-ol 57 41,39 9.7 214.67 | 273.77 |122.52 | 48.38 | 294.64 | 367.20 | 342.22
4 | 1-pentanol 42 55, 41 11.3 189.65 | 178.95 153.06 | 206.29 | 83.50
5 | 2-heptenal 41 55, 83 12.5 124.13 | 131.67 105.27 | 124.12 | 75.55
6 | 1-hexanol 56 43,55 12.9 20.48 | 17.80 | 32.80 16.74 | 17.87 | 19.29
/ nonanal 57 41,56 13.5 40.74 | 25.58 26.31 | 25.59
8 | 2.octenal 41 70,55 14.1 133.58 | 130.47 100.24 | 111.46 | 48.73
9 | 1-octen-3-ol 57 43,72 14.4 114.65 | 117.99 100.25 | 124.37 | 76.07
10 | {-heptanol 70 56, 41 145 = 38.45 | 19.58 - * | 20.72 | 23.20 *

" The target ion for identification was the base peak of each compound; 2 Retention time (min). *compound not detected. FeCl, and FeSO, — iron salts; F-Fe C and F-Fe S — peptide-iron
complexes synthesized with filtrate and FeCl, or FeSO., respectively; F + C and F + S — filtrate (fraction < 5 kDa) + FeCl, or FeSO,, respectively; Bis-Fe — ferrous bisglycinate. Control
emulsions without iron: control —emulsion with no other component addition; F —filtrate (fraction < 5 kDa), with no iron addition. Samples stored at 30 °C. The label colors were defined using
color scale in conditional formatting of Excel. Green labels represent compounds formed in a lower extent than red labels; yellow and orange labels represent intermediate values.
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Figure 3. Total lon Chromatograms (TIC) (m/z 35-350) of volatile compounds obtained by
HS-SPME-GC-MS, of canola oil O/W emulsion. The emulsions contained 1mM Fe from
FeCl,, F-Fe C (peptide-iron complex synthesized with filtrate (fraction < 5 kDa) and FeCly);
and F + C (filtrate fraction + FeCl.). The emulsions were stored 7 days at 30 °C. Compounds

are numbered according to Table 1.
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Hexanal, the major saturated aldehyde originated from the breakdown of n-6 fatty
acid peroxides (Frankel, 1993), was identified and quantified in the emulsions during the 7

days of storage (Figure 4).
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Figure 4. Hexanal (area under the GC-MS chromatographic peak; SIM MODE — m/z 44) of
canola oil O/W emulsion containing TmM Fe in free and complexed forms. FeCl: and FeSO4
— iron salts; F-Fe C and F-Fe S — peptide-iron complexes synthesized with filtrate and FeCl»
or FeSOq, respectively; F + C and F + S —filtrate (fraction < 5 kDa) (2 mg protein/g emulsion)
+ FeClz or FeSOu, respectively; Bis-Fe — ferrous bisglycinate. Control emulsions without iron:
control — emulsion with no sample addition; F — filtrate (fraction < 5 kDa) (2 mg protein/g
emulsion), with no iron addition. Samples stored at 30 °C.
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From the first day of storage, emulsion with iron salts and Bis-Fe led to a higher
hexanal peak areas (Figure 4) than the emulsions with F + C and F + S. Among the iron added
samples, the emulsions with F-Fe C and F-Fe S showed the smallest peak area, suggesting
that the complexes hinder the lipid oxidation catalyzed by iron. This fact can be explained either
by the lower formation of primary products or by the capacity of peptides to scavenging the

secondary products.

4. Discussion

Iron, a transition metal, exhibits strong pro-oxidant effect in various food systems.
It is capable of generating reactive oxygen species (ROS), including the hydroxyl (¢OH) and
superoxide anion (O2¢—) radicals, which can react directly with unsaturated fatty acids to
produce hydroperoxides and promote oxidative damage at different levels (Saiga et al., 20083;
Sugiarto et al., 2010). In this work, we studied the effect of peptide-iron complexation on the
capacity of iron to oxidize canola oil, rich in polyunsaturated fatty acids, in O/W emulsions as
a model system. The complexes F-Fe C and F-Fe S used in the present work showed the best
in vitro iron bioavailability results in a previous work (Caetano-Silva et al., 2017).

The peptide-iron complexes seem to exert a crucial role in reducing the pro-oxidant
effect of iron and thus increasing the oxidative stability of emulsions since they led to the lowest
formation of primary and secondary oxidation products comparing to iron salts and whey
peptides along with iron salts (F + C and F + S). To explain such differences, we propose two
pathways, which can occur at the same time. First, the whey peptides, known for their
antioxidant activity (Pihlanto, 2006; Peng et al., 2009; Brandelli et al., 2015), interacted and
stabilized the reactive species generated during emulsion storage. This property was proved
by the lowering of oxidation products formation observed when the peptides are included to
emulsions (F), along with iron salt (F + C and F + S) and as peptide-iron complexes (F-Fe C
and F-Fe S). In the peptide-iron complexes, which are composed by numerous peptides
besides those involved in iron coordination, part of the peptides does not coordinate iron ions
(Artigo 1, p. 48), therefore, they have functional groups available to scavenging reactive

species.

The addition of Bis-Fe to the emulsion led to lipid oxidation similar to the iron salts,
despite the iron complexation, proving the great importance of the whey peptides as
antioxidants in the system. However, the comparison of the results from the emulsions added
with F + FeCl, or F + FeSO4 and with the complexes showed the impact of the previous

formation of the peptide-iron complex. This stable structure may hinder the iron capacity to
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interact with the lipid phase and to catalyze the lipid oxidation. Despite this protective effect,
emulsions containing peptide-iron complexes showed formation of lipid oxidation products in
a higher extent than the control and F. This fact suggests that part of the iron ions, possibly
weakly bound, may act as pro-oxidant, albeit in a lower extent. Besides, the peptides may
show less functional groups available to scavenge the radicals due to their participation in iron

coordination.

Iron ions can promote the degradation of hydroperoxides by one of the following
mechanisms (Cheng & Li, 2007; Halliwell & Gutteridge, 2007):

Fe?* + LOOH —» Fed* + LO« + OH"
Fe® + LOOH —» Fe? + LOO- + H*

These lipid radicals can then abstract hydrogen atoms of unsaturated fatty acids,
and propagate the chain reaction (Cheng & Li, 2007). The degradation of hydroperoxides
catalyzed by iron ions can occur in proximity of emulsion droplet interface (Kellerby et al.,
2006). The aqueous phase, which constitutes around 70% of the emulsions, could facilitate
the motion of the ions (Silva et al., 1999) and their action in the oil:water interface. Cho et al.
(2003) observed that iron chelators are capable of increasing the transfer of iron from lipid
droplets in O/W emulsions to the aqueous phase, thus decreasing its pro-oxidant activity,

which is in accordance with our results of emulsions containing iron as peptide-iron complexes.

In an aqueous medium, iron salts are ionized and dissociate in iron ion and their
counterions. Osinchak et al. (1992) demonstrated that the chloride ion may have an important
effect on lipid oxidation, contributing to an oxidative effect, which suggests that the counterions
(SO42 and CI') may also have a role in the lipid oxidation process in the system of the present
study. This fact may have contributed to the different oxidation levels observed between FeSO4
and FeCl, although the emulsions contained the same iron concentration.

Alkoxyl (LOe<) and peroxyl (LOQe) radicals, formed by hydroperoxides (LOOH)
degradation, lead to the formation of other products, such as aldehydes, ketones, acids, esters,
alcohols, and short-chain hydrocarbons (Frankel, 1983; Silva et al., 1999; Choe & Min, 2006).
In the emulsions without iron addition (control and F) the formation of less types of compounds
and in much lower extent than the emulsions containing iron were observed (Table 2).
Therefore, even more than temperature and time, iron ions seem to be the main responsible
for the formation of alcohols and aldehydes identified in the iron containing emulsions.
Considering the low levels of volatile compounds found in the emulsions with peptide-iron
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complexes, it seems that iron remained mostly linked to peptides functional groups and out of
reach of the lipid interface, decreasing the rate of oxidation.

Each volatile compound is formed from a different fatty acid. The degradation of
peroxides from n-3 fatty acids yields to 1-penten-3-ol (Souza & Bragagnolo, 2014), whereas
the n-6 fatty acids give rise to the formation of pentanal, hexanal, 1-pentanol, 1-hexanol, 1-
octen-3-ol, and 2-octenal (Choe & Min, 2006). The aldehyde nonanal and the alcohol 1-
heptanol are formed from the oxidation of n-9 fatty acids (Choe & Min, 2006).

Although n-9 fatty acids constitute the majority of canola oil composition, the
volatile compounds formed in a greater extent in the emulsions containing the peptide-iron
complexes were 1-penten-3-ol from a-linolenic acid (n-3) and hexanal and 1-hexanol
originated from linoleic acid (n-6) (Table 2), due to the greater susceptibility of these fatty acids
to oxidation. The oxidation rate for oleic, linoleic and linolenic acid generally follows the
proportion 1:12:25, respectively, due to the number of double bonds and the bond energy
necessary for abstraction of hydrogen atom (Min & Boff, 2002). Emulsions containing free form
of iron resulted in a greater extent of volatile compounds formation, including the ones

originated from n-9 fatty acid.

Although fat hydroperoxides are generally tasteless and odorless, the short-chain
volatile compounds have a great impact on the sensory quality of foods, including the rancid
off-flavor (Frankel, 1983; Kamal-Eldin & Pokorn, 2005). Thus, the peptide-iron complex may
lead to lower impact in the sensory quality of foodstuffs in comparison to iron salts, ferrous

bisglycinate, and even to iron salts added with peptides.

One of the major challenges at choosing a compound to fortify food with iron is the
relation bioavailability vs. reactivity, since, generally, the higher bioavailability of the
compound, the lower the stability (Habeych et al., 2016), due to its reactivity. The complex F-
Fe C could be an exception for this statement. Comparing to compounds applied for food
fortification, such as ferrous sulfate and ferrous bisglycinate, the complex F-Fe C showed lower
reactivity and, according to previous results, higher in vitro bioavailability (Caetano-Silva et al.,
2017). Previous in vitro bioavailability experiments showed that the complexed iron is possibly
transported across the brush border membrane through the normal intestinal absorption route
for peptides, while remaining coordinated. Therefore, this complex might not release the iron
ions during gastrointestinal digestion, preventing interactions with inhibitory dietary ligands and
binding agents such as phytate and oxalate. Moreover, an undissociated compound may be
less likely to cause gastrointestinal irritation in sensitive people (Gerber, 2011).
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The protection of iron provided by the metal coordination could make the use of
this peptide-iron complex advantageous for food fortification. However, in this study, we
evaluated a model system during 7 days at 30 °C. Future studies on peptide-iron complexes
in food products, evaluating the entire shelf life, should demonstrate the impact of peptide-iron
complexation in the pro-oxidant effect of iron regarding the possible decrease in undesirable
sensory changes.

5. Conclusion

Whey peptide-iron complexes reduce the pro-oxidant effect of iron comparing to
the iron salt form in an emulsified model system. The aldehydes and alcohols formed in
emulsions containing the complexes were mainly derived from n-3 and n-6 fatty acids, more
susceptible to oxidation. Iron in its free form led to the formation of volatile compounds in much
greater extent, including the ones formed from n-9 fatty acids, suggesting that more iron ions
are available to catalyze the lipid oxidation. The source of iron for synthesizing peptide-iron
complexes might influence the lipid oxidation catalyzed by iron, because FeCl> and FeSO4 led
to lipid oxidation in varying levels.

Besides the capacity of whey peptides to neutralize the lipid radicals, the previous
formation of a peptide-iron complex can exert an indirect antioxidant capacity, since the lipid
oxidation of emulsions containing these complexes was quite lower than the emulsions
containing whey peptides along with iron salts. The formation of a ring structure with the metal
seems to protect iron from interacting with the lipid phase and thus diminish the lipid oxidation.
Therefore these complexes can potentially reduce the undesirable sensory changes and
hence be an alternative of less reactive iron for food fortification, but further studies are
necessary to evaluate if the behavior observed in this model system is also observed in food
products
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3. Discussao geral

A anemia por deficiéncia de ferro € um dos principais problemas nutricionais no
mundo e, nos Ultimos anos, alternativas para fortificar alimentos com ferro tém sido estudadas,
especialmente em uma forma mais biodisponivel e menos reativa que as formas tradicionais.
No presente trabalho, complexos peptideo-Fe foram sintetizados e caracterizados e duas
principais hipéteses do efeito da complexag¢é@o do ferro foram estudadas: aumento de sua
biodisponibilidade in vitro e redugéo de seu efeito pré-oxidante.

Para a sintese dos complexos, foram utilizadas duas fontes de ferro, FeCl> e
FeSO4. Como ligantes, foram utilizados peptideos derivados da hidrélise das proteinas do
soro de leite, além da proteina integra (WPI). Os peptideos foram obtidos por hidrélise do WPI
com pancreatina. A pancreatina € um sistema enzimatico constituido de diferentes enzimas
com acgao de endopeptidases (quimotripsina, tripsina, elastase e colagenase) e exopeptidases
(carboxipeptidases A e B) (Yamamoto, 1975), resultando em hidrolisado com perfil variado de
fragmentos. O perfil de clivagem desse sistema enzimatico resultou em maioria de fragmentos
de MM < 5 kDa, que foram separados por membrana de ultrafiltracdo e constituem a fracao
denominada filtrado (F). Ap6s ultrafiltracdo do hidrolisado (H), 83,4% do material proteico
encontraram-se no filtrado (F), enquanto 16,6% constituiram a fracao retentado (R). Apesar
de apresentarem perfis de MM e hidrofilicidade distintos, observamos, em trabalho anterior,
que ambas as fracoes apresentam fragmentos com capacidade de ligacdo ao ferro
provenientes das mesmas sequéncias (*YVEELKPTPEGDLEIL%” e "2*RTPEVDDEALEK® da
B-Lg e 82DDDLTDDI® da a-La), todos ricos em Asp (D) e Glu (E), principais sitios de ligagéo
ao ferro (Chaud et al., 2002; Lv et al., 2009).

Nos complexos formados, independente do ligante (H, F, R ou WPI), a
coordenacgao do ferro ocorreu principalmente por grupos carboxilicos de modo bidentado,
evidenciada pela presenca de bandas em IR referentes a dois modos vibracionais:
estiramento assimétrico e simétrico da ligagcao COO-Fe. A formacgéo dessa estrutura em anel,
possivelmente, € responsavel pela protecao do ferro ao longo do trato gastrointestinal, uma
vez que a bioacessibilidade do ferro, representada pela solubilidade do mineral apds digestao
in vitro, foi superior a 85% para todos os complexos. No entanto, nossos resultados mostraram
que a bioacessibilidade nao prediz a biodisponibilidade do ferro, uma vez que a permeacao
do mineral em células Caco-2 diferiu significativamente entre os ligantes. Complexos
sintetizados com peptideos de menor MM resultaram em maior sintese de ferritina, enquanto
complexos com peptideos de maior MM ou proteina integra apresentaram redugéo

significativa em relagéo a forma livre do mineral. Portanto, a formagao de um complexo estavel
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a digestao gastrointestinal e que favoreca a solubilidade do ferro nao resulta necessariamente
em maior entrada de ferro nos enterdcitos.

A MM e estrutura desses complexos parecem influenciar a captacédo do mineral
pelas células intestinais. Alguns estudos apontam a complexagcao com proteina integra como
uma alternativa para elevar sua biodisponibilidade (Sugiarto et al., 2010; Ueno et al., 2014).
Por outro lado, peptideos de cadeia curta sdo mais estaveis e mais faceis de serem absorvidos
pelas células intestinais (Eckert et al., 2016), o que estd de acordo com nossos resultados.
Esses fatos sugerem que a absorgao do ferro esta relacionada ndo s6 a capacidade dos
ligantes de protegé-lo durante a digestdo e possibilitarem sua chegada ao enterdcito, mas
também, de alguma forma, ao mecanismo convencional de absorc¢ao do ligante.

A captacao de ferro na forma de sal ocorre pelo mecanismo DMT-1, proteina
transportadora de metal divalente situada na borda em escova do enterdcito, cuja expressao
de mRNA correspondente é fortemente induzida na deficiéncia de ferro (Gunshin et al., 1997,
Anderson e Frazer, 2005). Embora o nivel de transportadores ndo tenha sido avaliado nesse
estudo, possivelmente a expressdo de DMT-1 tenha sido elevada em funcdo das condi¢des
de deficiéncia de ferro nas quais as células foram cultivadas (Viadel et al., 2007), podendo
favorecer a captagdo de ferro na forma inorgénica. No caso do ferro proveniente dos
complexos peptideo-Fe, apenas a fracdo de ferro eventualmente liberada do complexo
poderia ser afetada pela elevada expressao de DMT-1. Argyri et al. (2009) observaram que
peptideos de leite aumentaram a absorcao de ferro em células Caco-2, mas ndo afetaram a
expressao de DMT-1. Com base no conjunto dos resultados, sugerimos que a permeacao do
ferro em células Caco-2 em sua forma complexada esta relacionada ao mecanismo
convencional de absorcdo dos peptideos que o coordenam, como absorcao mediada por
transportador (PepT1) para di- e tripeptideos, transcitose (sistema de transporte mediado por
vesicula intracelular) para oligopeptideos ou difusdo passiva paracelular para oligo e di-
/tripeptideos (Wada & Lénnerdal, 2014).

Conforme exposto acima, o ferro pode permear a membrana dos enterdcitos seja
pelo mecanismo DMT-1 ou por um dos mecanismos de absor¢cado dos peptideos. Uma vez
dentro da célula, o mineral esta disponivel para ser transportado para a corrente sanguinea e
utilizado em processos metabdlicos ou ser armazenado, sendo, portanto, estimado como ferro
biodisponivel. O modelo de digestao gastrointestinal in vitro associada ao ensaio de captacao
em células intestinais é muito Util para o estudo da biodisponibilidade in vitro do ferro, a qual
€ representada pela captagao de ferro em células Caco-2 (Quintaes et al., 2017). Nesse
estudo, a sintese de ferritina em células Caco-2 foi utilizada como medida indireta da
biodisponibilidade in vitro do ferro (Viadel et al., 2007; Cilla et al., 2008; Zhu et al., 2009;
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Garcia-Nebot et al,, 2010; Garcia-Nebor et al., 2013; Lv et al., 2014; Flores et al., 2015;
Rodriguez-Ramiro et al., 2017), considerando que esse parametro esta diretamente
relacionado a entrada de ferro na célula intestinal (Glahn et al.,, 1998). Os resultados nao
podem ser extrapolados para biodisponibilidade in vivo, na qual a absorcdo envolve o
transporte do ferro até a corrente sanguinea, quando necessaria sua utilizagdo para
desempenhar sua funcdo. No entanto, a comparagdo da capacidade do ferro livre e
complexado de permear as células intestinais e promover a sintese de ferritina indica o
potencial desses complexos para elevar a absorgao do ferro in vivo. Futuros estudos poderéao
confirmar se a diferenga na permeacéao de ferro livre ou complexado em células Caco-2
também é observada quando avaliado o transporte do mineral e sua utilizagao.

Complexos com hidrolisado (H) resultaram em valores de sintese de ferritina
intermediarios entre complexos com filtrado (F) e retentado (R), o que poderia ser esperado
uma vez que se trata de uma mistura das duas fragdes. Porém, esses valores nao refletiram
as proporgdes de peptideos de MM maior e menor que 5 kDa (R e F, respectivamente) no
hidrolisado, o que sugere que mais fatores possam estar envolvidos na absorcao de ferro. A
presenca de peptideos maiores pode interferir na absor¢ao dos complexos Fe-H C e Fe-H S,
em virtude de uma possivel sinergia entre ligantes de diferentes MM.

Em adicdo ao tipo de ligante, a fonte de ferro utilizada para a sintese dos
complexos influenciou a permeagdo do mineral em células Caco-2. Isso pode estar
relacionado a diferenca de estrutura dos complexos, constatada por espectroscopia de
infravermelho e anadlise térmica. Os contra-ions cloreto e sulfato parecem exercer papel chave
na exposicao de sitios de ligacao de ferro e estrutura do complexo formado, resultando em
diferente comportamento biol6gico. O favorecimento de agregacao exercido pelos contra-ions
sulfato (Zhang e Cremer, 2006) pode ter comprometido a permeagao do complexo Fe-F S. Ja
no complexo Fe-F C, a influéncia do contra-ion cloreto, possivelmente em virtude da diferenca
de conformacdo dos complexos sintetizados com FeClz, como a presengca de a-hélice
hidratada, pode ter favorecido sua permeagédo. Considerando a absor¢ao de ferro ainda
complexado pela via convencional de absor¢ao de peptideos, a conformac¢ao dos complexos
pode interferir na sua aproximagao ao enterdcito e entrada na célula.

Além do impacto na biodisponibilidade in vitro, a complexagdo peptideo-Fe
também influenciou o efeito do ferro na oxidagao lipidica em sistema modelo. A extensao de
formacdo tanto de produtos primarios quanto secundarios da oxidagdo lipidica foi
drasticamente reduzida quando o ferro estava na forma complexada em relagéo a forma livre.
Os compostos volateis formados em maior extensdo em emulsdes contendo complexos

peptideo-Fe foram aldeidos e alcoois formados a partir da degradagao dos acidos graxos n-3
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e n-6 (Choe e Min, 2006; Souza e Bragagnolo, 2014), mais susceptiveis a oxidacao. A
oxidacao dos &cidos graxos oleico, linoleico e linolénico ocorre na proporgao de 1:12:25,
respectivamente, devido a energia necessaria para a abstracdo do atomo de hidrogénio (Min
e Boff, 2002). A formacao de compostos nas emulsées contendo o ferro na forma livre,
incluindo aqueles formados a partir de acidos graxos monoinsaturados n-9, ocorreu em maior
extensao, sugerindo maior disponibilidade de ions ferro para catalisar a oxidacao lipidica.

Emulsbes adicionadas de sal de ferro e peptideos apresentaram oxidagao em
menor extensdo do que emulsdes contendo apenas o sal de ferro, possivelmente devido a
acao antioxidante dos peptideos, que agem por neutralizacdo de espécies reativas e/ou
radicais lipidicos (Samaranayaka e Li-Chan, 2011). Os resultados para emulsdo contendo
apenas peptideos corroboram essa hipétese, uma vez que a formagéo de hexanal foi cerca
de 60% inferior a emulsdo controle (sem adicdo de outro componente) apos 7 dias de
armazenamento. Residuos de valina e leucina, presentes nos peptideos com capacidade
quelante da fracdo filtrado (Caetano-Silva et al., 2015), podem ter contribuido para a
localizag&o dos peptideos na interface agua-lipideo, favorecendo o acesso aos radicais livres
formados na fase lipidica (Ranathunga et al, 2006). No entanto, simultaneamente a
neutralizacao de espécies reativas e/ou radicais lipidicos, outra via de acao pode ocorrer: a
acado antioxidante indireta exercida pela complexacdo que impede o ferro de catalisar a
oxidacao lipidica.

O efeito pré-oxidante do ferro foi avaliado em emulsdo como sistema modelo,
assim como em outros estudos (Hu et al., 2004; Sugiarto et al., 2010; Guzun-Cojocaro et al.,
2011; Ueno et al., 2014). Embora nao seja possivel extrapolar para a incorporacado desses
complexos em matrizes alimenticias, os resultados sugerem que a ligacao coordenada
envolvida na formagdo desses complexos favorece que o ferro ndo catalise a oxidagéo
lipidica, ainda que em um meio rico em substratos para a sua reatividade. Estudos futuros,
que incluam a avaliagdo da estabilidade oxidativa ao longo de toda a vida de prateleira,
poderdo avaliar se esse comportamento em sistema modelo de fato é preditivo de uma
reducado de alteragcbes sensoriais indesejaveis.

Os resultados dos ensaios in vitro sugerem que a permeacao do ferro em células
Caco-2 esta relacionada também ao mecanismo de absorgdo convencional do ligante,
sugerindo que o ferro permanece ligado aos peptideos apos digestao gastrointestinal. Assim,
o comportamento observado em ensaio de oxidagado lipidica pode ser preditivo para o
comportamento biolégico desse complexo, que pode também apresentar o potencial de

reducao de danos as membranas celulares, bem como dos efeitos colaterais no organismo.
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De forma geral, nossa hipétese é que o ferro continua complexado ao longo do
trato gastrointestinal, permanecendo sollvel (bioacessibilidade do mineral complexado >
85%) e, dessa forma, sendo impedido de reagir com outros compostos. Ao chegar préximo
ao enterdcito, o ferro é entao captado e passa a integrar o pool de ions de ferro inorganico no
interior da célula. A via de utilizagao do ferro pelo organismo pode seguir a mesma do ferro
livre captado pelas células intestinais.

O presente trabalho visou o estudo de complexos peptideo-Fe que potencialmente
possam ser aplicados para fortificar produtos alimenticios com ferro e contribuir para a
reducéo da prevaléncia de anemia. Devido a maior absorgao de ferro na forma complexada,
a fortificagéo de produtos com esses complexos sera requerida em menores niveis, com efeito
equivalente ou superior se comparado aos sais inorganicos de ferro (Gerber, 2011), como o
sulfato ferroso. Além disso, as alteragdes sensoriais em produtos fortificados, resultado da
acao do ferro como catalisador da oxidagéo lipidica, tendem a ser reduzidas se empregados
complexos peptideo-Fe.
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4. Conclusao

Peptideos oriundos da hidrélise da proteina de soro de leite bem como a proteina
integra apresentaram capacidade de atuar como ligantes na formacao de complexos com o
ferro, mostrando que a complexacdo nao depende da MM dos ligantes. No entanto, o
complexo sintetizado com peptideos de baixa MM (< 5 kDa) apresentou maior permeacao do
mineral em células Caco-2 e reducéo do efeito pré-oxidante do ferro em sistema modelo, em
relacao ao sulfato ferroso, largamente empregado para fortificagcdo. Além disso, a solubilidade
do ferro complexado foi superior a 85% em ampla faixa de pH, o que pode facilitar a

incorporacao desse composto em diferentes matrizes alimentares.

Os complexos peptideo-Fe apresentaram ligagcées coordenadas principalmente
de modo bidentado com grupos carboxilicos, independente do ligante. A estrutura em anel
formada com o metal pode ter favorecido a estabilidade dos complexos a digestao
gastrointestinal in vitro e alta bioacessibilidade do ferro. No entanto, a permeacao de ferro em
células Caco-2 foi diferente para complexos com ligantes de diferentes MM, o que sugere que
0 mecanismo de absorgao do ferro complexado esté relacionado ao mecanismo de absor¢ao
convencional dos peptideos que atuam como ligante. A utilizagdo de diferentes fontes de ferro,
FeSO4 ou FeCly, resultou em complexos com diferentes estruturas, o que pode ter contribuido
para diferencas na permeagdo do mineral. As hipéteses desse trabalho, de que a
complexagao do ferro promove o aumento de sua biodisponibilidade in vitro e a redugéo de
seu efeito pro-oxidante, foram confirmadas pelos resultados obtidos para complexos peptideo-
Fe sintetizados com peptideos de baixa MM (< 5 kDa) e FeCl,.. No entanto, a incorporacao
desse complexo em uma matriz pode interferir na absorcdo do mineral, bem como em sua

capacidade de catalisar a oxidagao lipidica.

A principal aplicacdo desses complexos peptideo-Fe € para fortificacao
direcionada, ou seja, em produtos destinados as pessoas com deficiéncia de ferro. Além de
oferecer ferro menos reativo e mais biodisponivel, disponibiliza-se importante aporte de
peptideos de elevada digestibilidade, rapida absorg¢éao pelo organismo e oriundos de proteina
de alto valor biolégico (Sgarbieri, 2004). Desse modo, pessoas que necessitam de ambos 0s
nutrientes podem ser beneficiadas. Um exemplo sdo os pacientes pos-cirurgia bariatrica, os
quais podem apresentar, além da comum deficiéncia de ferro, problemas associados a ma
absorcdo de proteina (Fujioka, 2005; Rashti et al., 2015). A administragdo de proteina ja
hidrolisada e complexada com ferro parece ser uma alternativa viavel para reduzir ambas as

deficiéncias. Assim, futuros estudos utilizando-se o complexo peptideo-Fe sintetizado com
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peptideos de baixa MM e FeCl. em matriz alimenticia podem contribuir para sua aplicagcao na

indUstria de alimentos.
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