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RESUMO

Peptidases perfazem um dos grupos mais importantes do mercado de enzimas, com aplicagdes
em varios processos industriais. Na industria de alimentos, essas enzimas podem, inclusive,
reduzir o potencial toxico de algumas proteinas, como é o caso do gluten, cuja ingestdo esta
associada a ativacdo de resposta imune em individuos intolerantes. Atualmente, a hidrélise
enzimatica representa 0 método mais vantajoso para a diminuicdo do conteddo de gliten em
alimentos em relacdo a hidrolise quimica. Contudo, peptidases vegetais ainda tém sido pouco
exploradas para este proposito. Estudos prévios reportaram a presenca de peptidases cisteinicas
no extrato aquoso do puré de noni (Morinda citrifolia L.), denominado NPE (do inglés noni
puree extract), com atividade coagulante do leite e potencial para uso na producao de queijos.
O presente trabalho objetivou expandir a investigacao de suas aplicac@es analisando o potencial
de NPE na hidrélise do gluten de trigo. Toxicidade aguda, analise de toxicidade por
administracdo em doses repetidas (subcroénica) e efeitos genotoxicos também foram avaliados
visando seu uso como novo ingrediente alimentar. NPE foi capaz de hidrolisar gliadinas e
gluteninas e apos 4 h de reacdo atingiu um grau de hidrolise (DH, do inglés degree of
hydrolysis) de 24.40% (x 0.09) e 31.78% (x 1.28), respectivamente. NPE reduziu 96.80% (+
0.10) do contetdo de gliadinas integras detectaveis pelo R5 ELISA com DH de 24.4% (+ 0.09)
apos 4 h. O fracionamento de NPE por meio de cromatografia de troca iénica (Source 30S)
resultou em um pico ndo retido (P1) e apenas um pico retido (P2). Ambos 0s picos apresentaram
atividade proteolitica, com P2 apresentando maior atividade especifica (5.96 = 0.34 U/mg)
comparado a P1 (3.75 £ 0.16 U/mg). P1 e P2 apresentaram DH similar (p<0.05) em gliadinas
(9.31 £ 0.80% and 9.25 + 0.37%, respectivamente). P1 apresentou melhor desempenho
(p<0.05) na hidroélise de gluteninas (10.68 + 0.04%) comparado a P2 (8.55 + 0.39%). Ap0s
ensaio de digestibilidade simulada verificou-se que proteinas de NPE foram susceptiveis a acdo
das enzimas gastrointestinais, pepsina e tripsina. NPE n&o apresentou citotoxicidade pelo teste
do MTT e ndo foi capaz de induzir quebras no DNA e formacdo de micronucleos em
fibroblastos murinos, respectivamente. O estudo de toxicidade aguda (80 e 160 mg/kg) e
subcrénica (5, 10 e 20 mg/kg) indicou gue animais tratados via oral com NPE por 28 dias ndo
apresentaram alteracBes na massa corporea, parametros hematologicos e bioquimicos, peso
relativo e histopatologia dos 6rgéos analisados comparados ao controle. Esses achados sugerem
que NPE é um candidato promissor para ser utilizado como um novo ingrediente alimentar

seguro para a producéo de alimentos gluten-free.



Palavras-chave: Morinda citrifolia L.; peptidase cisteinica; gluten; toxicidade oral;
genotoxicidade.



ABSTRACT

Peptidases are among the most important groups in the enzyme market, with applications in
various industrial processes. Several reasons influence the use of peptidases in the food
industry. They can change chemical, physical, and biological properties, including reducing the
toxic potential of some food proteins, such as gluten, whose intake is associated with activation
of the immune response in intolerant individuals. Currently, enzymatic hydrolysis represents a
more advantageous method for gluten detoxification in foods than chemical hydrolysis.
However, plant peptidases have not been extensively explored for this purpose. Previous studies
have reported the presence of cysteine peptidases in the aqueous extract of noni puree (Morinda
citrifolia L.), named NPE, with milk-clotting activity and potential to be used in cheese
production. The present work aimed to expand the investigation of its applications analyzing
the potential of NPE in the hydrolysis of wheat gluten. Acute toxicity, repeated dose
administration toxicity analysis (subchronic), and genotoxic effects were also evaluated
regarding its use as a novel food ingredient. NPE was able to hydrolyze both gliadins and
glutenins, and after 4 h of reaction, it reached a degree of hydrolysis (DH) of 24.40% (+ 0.09)
and 31.78% (x 1.28), respectively. NPE reduced in 96.80% (+ 0.10) the intact gliadins content
detectable by the R5 ELISA with DH of 24.4% (£ 0.09) after 4 h. Fractionation of NPE by ion-
exchange chromatography (Source 30S) resulted in one unretained peak (P1) and only one
retained peak (P2). Both peaks showed proteolytic activity, with P2 showing higher specific
activity (5.96 £ 0.34 U/mg) than P1 (3.75 £ 0.16 U/mg). P1 and P2 displayed similar DH
(p<0.05) in gliadins (9.31 + 0.80% and 9.25 + 0.37%, respectively). P1 showed better
performance (p<0.05) in glutenin hydrolysis (10.68 + 0.04%) compared to P2 (8.55 * 0.39%).
After the simulated digestibility test, it was verified that NPE proteins were susceptible to the
action of gastrointestinal enzymes, pepsin, and trypsin. NPE did not show cytotoxicity by MTT
assay and could not induce DNA breaks and micronucleus formation in murine fibroblasts.
Animals orally treated with NPE once (80 or 160 mg/kg) or for 28 days (5, 10 or 20 mg/kg) did
not show changes in body mass, hematological and biochemical parameters, relative weight,
and histopathology of the organs analyzed, compared to control. These findings suggest that
NPE is a promising candidate for use as a new safe food ingredient for the production of gluten-
free foods.

Keywords: Morinda citrifolia L.; cysteine peptidases; gluten; oral toxicity; genotoxicity.
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1 INTRODUCAO

As peptidases constituem um dos grupos mais importantes de enzimas com
aplicacdes em processos industriais, perfazendo aproximadamente 60% do total de enzimas no
mercado (GURUMALLESH et al., 2019). Sdo extensamente utilizadas como aditivos em
detergentes, nas industrias alimenticia, farmacéutica, téxtil e curtume, em virtude de suas
especificidades na acdo hidrolitica (LI et al., 2013). Além da variedade de especificidades
proteoliticas, essas enzimas sdo capazes de atuar em amplas faixas de pH e temperatura,
expandindo seu potencial de uso na industria (FEIJOO-SIOTA; VILLA, 2011). Dentre as fontes
de peptidases, as de origem vegetal tém alcancado grande espaco em industrias farmacéuticas
e biotecnoldgicas. Na industria de alimentos, essas enzimas tém sido empregadas com a
finalidade de alterar propriedades quimicas, fisicas, bioldgicas e imunoldgicas de proteinas. A
hidrdlise de proteinas alimentares permite melhorar as caracteristicas nutricionais, retardar a
deterioracdo, melhorar propriedades funcionais (solubilidade, formacao de espuma, coagulagéo
e emulsificacdo), sabores, aromas e texturas, produzir peptideos bioativos e diminuir potenciais
alergenicidades (PARDO; LAURA, 2000).

Dentre as proteinas alimentares que podem ter suas caracteristicas melhoradas por
meio da hidrélise enzimatica estd o glten, uma matriz proteica formada principalmente pela
gliadina e glutenina, duas proteinas presentes no trigo, uma das principais culturas produzidas
no mundo, com cerca de 760,7 milhGes de toneladas (cerca de 30% da producédo total de graos)
(FAO, 2020). Essa grande demanda se deve ao valor nutricional do trigo e as propriedades
viscoelasticas Unicas das massas produzidas a base da farinha desse cereal, nas quais o gluten
contribui para diferentes atributos técnicos e sensoriais dos produtos da industria da
panificacdo. Entretanto, o glaten possui epitopos imunogénicos que estimulam uma resposta
imune em individuos geneticamente suscetiveis, desencadeando desordens como a doenca
celiaca, a sensibilidade ao gluten ndo celiaca e a alergia ao trigo, restringindo assim o seu
consumo (CABANILLAS, 2019). O namero de novos casos de paciente celiacos tem crescido
substancialmente nos Gltimos 30 anos. Isso se deve em grande parte, ao desenvolvimento de
técnicas para o diagnostico. Estima-se que 1% da populacdo mundial seja afetada pela doenca
celiaca e acredita-se que esse nimero possa ser ainda maior, visto que a incidéncia de DC ainda
ndo tem sido amplamente estudada na Africa, Asia e América Latina (KING et al., 2020).

Uma dieta livre de glaten (DGF, dieta glaten-free) continua sendo o tratamento
recomendado para doentes celiacos e pacientes sensiveis ou alérgicos ao glaten. Entretanto, a

adesdo a DGF muitas vezes ¢ dificultada pela baixa disponibilidade de produtos gluten-free,
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pelos precos mais elevados e caracteristicas sensoriais menos atrativas quando comparados aos
produtos correspondentes a base de trigo (SCHERF; WIESER; KOEHLER, 2018). Como
forma de contornar esses problemas, estratégias para diminui¢cdo da imunogenicidade do glaten
em alimentos tém sido empregadas. Dentre elas, a hidrdlise enzimatica tem recebido especial
atencdo. Contudo, o nimero de peptidases estudadas capazes de hidrolisar eficientemente
epitopos do glaten ainda é pequeno, o0 que torna necessaria a investigacao de novas peptidases
com essa finalidade (SCHERF; WIESER; KOEHLER, 2018).

Estudos preévios realizados pelo nosso grupo de pesquisa identificaram peptidases
cisteinicas no extrato aquoso do puré de noni (Morinda citrifolia L.), aqui denominado de NPE
(do inglés, noni puree extract) com atividade coagulante de proteinas do leite e potencial para
producdo de queijos (FARIAS et al., 2020). Diante disso, o presente trabalho buscou expandir
a investigacdo acerca do potencial dessas enzimas no ambito da industria alimenticia, avaliando
sua atividade proteolitica sobre as proteinas do glaten de trigo. A utilizacdo de um novo
ingrediente alimentar requer a comprovacgdo de sua seguranca de uso. Em muitos casos, isso €
determinado por meio do conhecimento acerca do historico de uso desse novo ingrediente na
dieta humana (BLAAUBOER et al., 2016). Desse modo, diante da auséncia do histérico de
consumo do noni no Brasil, estudos acerca da toxicidade de NPE séo necessérios, visando a sua
aplicacdo futura na inddstria de alimentos.

Com base no exposto, 0s seguintes questionamentos nortearam o presente estudo:

* Peptidases de NPE sao capazes de hidrolisar o gluten do trigo com potencial para

a producdo de alimentos gluten-free? Esse efeito seria resultante da presenca de

diferentes fracOes protedsicas com especificidades distintas quanto a hidrélise do

glaten?

* NPE apresenta algum efeito toxico que inviabiliza sua utilizagdo como ingrediente

alimentar?
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2 REVISAO DE LITERATURA

2.1 Peptidases

As peptidases (EC 3.4), também conhecidas como peptidases ou enzimas
proteoliticas, sdo enzimas capazes de clivar ligacdes peptidicas. Elas estdo presentes em todos
0S organismos vivos e mostram especificidade e seletividade na modificacdo de proteinas,
alcancada por meio de interagdes entre residuos de aminoacidos no sitio ativo da enzima, com
outros residuos de aminoécidos adequadamente posicionados na proteina que seré hidrolisada
(Figura 1).

As enzimas proteoliticas sdo indispensaveis para a sintese de biomoléculas e para o
controle do tamanho, forma, renovacdo e composicdo de proteinas celulares
(GURUMALLESH et al., 2019). Em humanos 2% do genoma codificam peptidases, gerando
cerca de 500 enzimas diferentes. Em microrganismos patogénicos estima-se que esse percentual
seja de 1-5% do genoma dessas espécies (FEIJOO-SIOTA; VILLA, 2010). Normalmente, as
peptidases sdo encontradas pré-enzimas ou precursores inativos, também chamados de
zimogénios. Para serem ativadas, elas podem realizar clivagem autocatalitica ou serem clivadas
por peptidases da mesma familia ou de familias completamente diferentes (YADAV et al.,
2011).

Figura 1. Nomenclatura da interacdo peptidase-substrato. Os locais de liga¢do do substrato a
jusante do local de clivagem sdo numerados S1-Sn em direcdo ao N terminal do substrato e
S1°-Sn’ em direcao ao C terminal. Os residuos do substrato sao numerados P1-Pn ¢ P1’—Pn’.

Nos dois casos, a numeragdo comeca na ligacao a ser clivada.

Sitio de clivagem

Substrato
s3 s2 S1 st s2 S3' s4'

S4

Protease

Fonte: Vizovisek et al. (2016)

De acordo com regido da cadeia polipeptidica que clivam, as peptidases sdo
classificadas em exopeptidases (EC 3.4.11-19) e endopeptidases (EC 3.4.21-99). Exopeptidases

clivam proteinas-alvo nas extremidades da cadeia e sdo classificadas em aminopeptidases e
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carboxipeptidases quando a hidrolise ocorre na por¢do amino- ou carboxi-terminal,
respectivamente. As endopeptidases atuam preferencialmente nas regifes internas da cadeia
polipeptidica da proteina-alvo. Todas as peptidases polarizam o grupo carbonila da ligacao
peptidica do substrato, estabilizando o oxigénio em um bolsdo oxianion, o que torna o atomo
de carbono mais vulneravel ao ataque por um nucledfilo ativado (Figura 2A). As peptidases
podem fazer isso de seis maneiras principais, o que leva a uma outra subdiviséo, considerando
0 grupo reativo no sitio catalitico da enzima, nas seguintes classes: glutamico-peptidases (EC
3.4.19); serino-peptidases (EC 3.4.21); cisteino-peptidases (EC 3.4.22); aspartico-peptidases
(EC 3.4.23); metalopeptidases (EC 3.4.24) e por fim, treonina-peptidases (EC 3.4.25) que
apresentam um residuo de treonina em seu sitio ativo (VERMELHO et al., 2008).

Figura 2. Mecanismos de clivagem das classes cataliticas de peptidases. (A) O substrato
(verde) se liga via residuos de aminoécidos (R) ao sitio ativo da peptidase (cinza), interagindo
com os bolsdes de substrato (S) da enzima. O sitio de clivagem é adjacente a um grupo
carbonila, que é polarizado pela enzima, estabilizando o bolsdo oxianion (azul); isso torna o
carbono da carbonila vulneravel a ataques nucleofilicos. (B) Principais diferencas entre as

classes cataliticas quanto a natureza do nucledfilo e do estabilizador do oxianion.

A Nucleéfilo
l Ligacio cindivel
H 5 | H Substrato
== C C N == C ==
[
1d H
Y lgl L
- o
Bolsio S1 Orificio do Bolsio S1°
oxidnion
B
Classe catalitica Nucleofilo Estabilizador de oxianion
Proteases cisteinicas Cis-His -NH-(2x)
Proteases serinicas Ser-His -NH-(2x)
Proteases treoninas Tre-His -NH-(2x)
Metaloproteases H,0-Me? Me?
Proteases asparticas H,0O-Asp H*-Asp
Proteases glutdamicas H,0-Glu H*-Glu

Fonte: van der Hoorn (2008).

As cisteino, serino e treonina-peptidases utilizam um residuo de Cys, Ser ou Ter,

respectivamente, como nucleofilo, ativado pela histidina (His) no local ativo. O orificio de
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oxianion é geralmente estabilizado por dois residuos da cadeia principal da peptidase. As
metalopeptidases, peptidases asparticas e glutdmicas utilizam a &gua como nucledfilo, ativadas
por interacOes eletrostaticas com o fon metalico (Me? *), aspartato (Asp) ou glutamato (Glu),
respectivamente. O oxidnion dessas peptidases € estabilizado por Me?*, Asp e Glu,
respectivamente (Figura 2B) (GURUMALLESH et al., 2019; VAN DER HOORN, 2008).

A estrutura tridimensional de cisteino peptidases, por exemplo, apresentam dois
dominios: L (C-terminal) e R (N-terminal) e o sitio catalitico dessas peptidases encontra-se na
reentrancia formada entre os dominios. O residuo de cisteina encontra-se no dominio L e o de
histidina no dominio R (McGRATH, 1999). Em algumas familias de cisteino peptidases, um
residuo de glutamina e asparagina auxiliam na formacao da cavidade do oxianion. A glutamina
estabiliza a estrutura tetraédrica intermediaria durante a hidrolise do substrato e a histidina
orienta 0 anel imidazolico (RAWLINGS, BARRET, 2000). O estado ionizado do residuo de
cisteina nucleofilico no sitio ativo € independente da ligacdo do substrato (POLGAR,;
HALASZ, 1982).

O mecanismo de acdo das cisteinopeptidases usualmente ocorre em dois passos:
acilagdo e desacilagdo. Primeiramente ha o ataque nucleofilico do grupo tiol (Cys % -papaina)
do sitio ativo ao carbono da carbonila do substrato. O ion imidazdlico protona o nitrogénio da
ligacdo peptidica. Com o rompimento dessa ligacdo peptidica, forma-se o intermediario acil-
enzima e o primeiro produto é liberado (N-terminal). Em seguida, a His'®® desprotona uma
molécula de &gua, que ataca o carbono da carbonila da cisteina ligada ao intermediario,
resultando no produto C-terminal e na regeneracdo da enzima (desacilacdo) (RAO et al., 1998).

As cisteino-peptidases podem ser inibidas por agentes alquilantes do grupo tiol,
como o iodoacetato e clorometilcetonas, por complexantes do grupo tiol, como compostos
organicos e inorganicos que contenham ions de metais pesados, e inibidores de natureza
proteica (OTTO; SCHIRMEISTER, 1997). Dentre os inibidores de cisteino-peptidases
podemos citar o E-64, descoberto nos anos 70, que utiliza um grupo epoxisuccinil para interagir
covalentemente com o enxofre reativo do sitio ativo (HANADA et al., 1978).

Por apresentar a habilidade de catalisar irreversivelmente reacdes hidroliticas, as
peptidases devem ser rigorosamente reguladas quanto sua ativagao e especificidade para evitar
a ocorréncia de disturbios homeostaticos. Por sua vez, essa necessidade de especificidade levou
a expansao evolutiva dos genes de peptidases para regular a protedlise correta de um grande
conjunto de substratos, além da expansdo paralela dos genes de inibidores de peptidases,
elevando-se o nivel de complexidade desse processo bioquimico (PEREZ-SILVA et al., 2016).

Em reconhecimento a esse sistema complexo, o conceito de degradoma foi definido.
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O degradoma corresponde ao conjunto completo de peptidases que sdo expressas
em um momento especifico por uma célula, tecido ou organismo, bem como o repertério de
substrato de uma peptidase. Da-se o nome de degradémica ao conjunto de investigacOes e
técnicas genbmicas e protedmicas relacionadas a identificacdo e caracterizagdo genética,
estrutural e funcional de peptidases, seus substratos e inibidores, presentes em um organismo
(Figura 3) (LOPES-OTIN; OVERALL, 2002; SAVICKAS; KASTL; AUF DEM KELLER,
2020).

Figura 3. Relacdo da degradomica com os campos da protedmica e gendémica e do degradoma

Gendmica Protedmica Degradomica

com o proteoma e 0 genoma.

Proteases

Substratos |

Fonte: Lopez-Otin, Overall (2002).

Com base nas relacOes evolutivas, as peptidases foram categorizadas no banco de
dados MEROPS (http://www.ebi.ac.uk/merops/), que atualmente conta com um total de
908.326 sequéncias depositadas, distribuidas em 62 clas e 268 familias (RAWLINGS et al.,
2018). A base de dados MEROPS também apresenta informac6es sobre substratos e inibidores
de peptidases. Outros websites dedicados as peptidases podem ser encontrados, como 0
Mammalian Degradome Database (http://degradome.uniovi.es), contendo resultados de
anotacdes de genes de peptidases nos genomas de humanos, chimpanzés camundongos e ratos,
e as relacdes entre alteracdes de peptidases e doencas hereditarias (degradomopatias) (PEREZ-
SILVA et al., 2016); Proteolysis MAP (PMAP)
(http://www.hsls.pitt.edu/obrc/index.php?page=URL1233764714), composto por cinco bancos
de dados (PeptidaseDB, SubstrateDB, CutDB, ProfileDB e PathwayDB), abrangendo

informacdes sobre eventos proteoliticos individuais (locais de clivagem) selecionados da
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literatura (IGARASHI et al., 2009) e Proteasix (http://proteasix.org), dedicada a identificacdo
de peptidases presentes em humanos, ratos e camundongos envolvidas na hidrolise de proteinas,
gerando peptideos.

Nos vegetais as peptidases desempenham papeis cruciais em muito processos
fisiologicos, tais como a mobilizagdo de proteinas de armazenamento, a morte celular
programada, senescéncia, abscisdo, 0 desenvolvimento e amadurecimento de frutos,
crescimento da planta e em respostas de defesa contra patogenos e pragas (VAN DER HOORN;
JONES, 2004; VAN DER HOORN, 2008; LIU et al., 2018; TORNKVIST et al., 2019). Além
disso, elas também participam da renovacdo de proteinas pela degradacdo de proteinas mal
dobradas e através do sistema ubiquitina-proteassoma (BEERS et al., 2000) e séo responsaveis
pelas modificacdes pos-traducionais de proteinas por protedlise em locais altamente especificos
(SCHALLER, 2004).A clivagem de proteinas, permitindo a reciclagem de nitrogénio e outros
nutrientes, é provavelmente o processo mais importante de degradacdo que ocorre durante a
senescéncia de plantas. Por esse motivo, diversos genes de peptidases sdo expressos durante
esse processo (BHALERAO et al. 2003). Por exemplo, nas folhas de salsa (Petroselinum
crispum Mill.), a atividade de uma serino-peptidase (70 kDa) aumenta com o avanco da
senescéncia (JIANG et al. 1998).

Das fungdes realizadas pelas peptidases nas plantas, uma das mais estudadas e
determinantes em que elas sdo protagonistas é a germinacdo através da hidrdlise e mobilizacado
de outras proteinas acumuladas em sementes e graos de cereais (SZEWINSKA et al., 2016;
LIU et al., 2018; RADCHUK et al., 2018). Embora varios grupos de peptidases sejam
identificadas como responsaveis por desempenhar esse papel, as mais representativas na
mobilizacdo e degradacdo de proteinas de armazenamento sdo as cisteino-peptidases
(MARTINEZ et al., 2019).

A hidrdlise de proteinas possui uma ampla variedade de aplicacGes em diversos
processos biotecnolégicos (Tabela 1), desde a protedlise limitada, na qual envolve uma alta
especificidade e clivagem de um ndmero limitado de ligacOes peptidicas, até a protedlise
degradativa, na qual se busca uma hidrélise mais extensa de uma proteina alvo, incluindo a
clivagem de ligacGes peptidicas multiplas e a eventual degradacdo completa da proteina em
aminoacidos (TAVANO, 2018).

Essas enzimas tém um importante potencial de aplicagcdo na industria farmacéutica
para o tratamento de cancer (TARGONI et al., 1999), doencas relacionadas a formacéo de
coagulos sanguineo (BALAMI et al., 2013), para disturbios da digestdo (MELLO et al., 2008)
e modulagdo imunologica (OTSUKI et al., 2010). Estdo também inseridas na formulagéo de
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meio de cultura (HEADON; WALSH, 1994), isolamento de material genético (GENELHU et
al., 1998) e na industria de couro (FOROUGHI; KESHAVARZ; EVANS, 2006). Além disso,
elas sdo usadas na producdo de aminoacidos essenciais (como a lisina) e para a prevencao do
entupimento de sistemas de aguas residuais (RAO et al., 1998).

Na industria de alimentos, as peptidases sdo utilizadas para fabricar queijos,
cervejas, bebidas (preparacdo de hidrolisados proteicos com altos valores nutricionais)
(GURUMALLESH et al.,, 2019), amaciar carnes (ZHANG et al., 2017), produzir
emulsificantes, além de outros (PARDO et al., 2000). A hidrolise de proteinas alimentares é
realizada para melhorar as propriedades da matriz alimentar, alterando a qualidade sensorial
(sabor, aroma e textura, por exemplo), nutricional, aumentando a digestibilidade, retardando a
deterioracdo, melhorando propriedades funcionais (solubilidade, formacdo de espuma,
coagulacao e emulsificacdo), diminuindo a alergenicidade ou produzindo peptideos bioativos
(PARDO et al., 2000).

Do ponto de vista mercadolégico, as peptidases sdo as enzimas que possuem 0
maior destaque comercial devido as suas inumeras aplicacdes nas industrias de processamento
de couro e 1&, farmacéutica, de detergentes, alimenticia, dentre outras (TAVANO, 2018). Sao
consideradas um dos tipos mais importantes de enzimas porque representam cerca de 60% de
todas as enzimas comercializadas no mundo (GURUMALLESH et al., 2019). O mercado
global de peptidases devera crescer de US $ 2,12 bilhdes em 2020 para US $ 3,35 bilhdes em
2028, a uma taxa de crescimento anual composta de 5,9 % durante o periodo de previsao 2021-
2028 (FIOR MARKETS, 2021).

A maioria das enzimas comerciais é obtida de fontes microbianas, pois requerem
baixos custos para producdo em larga escala (GURUMALLESH et al., 2019), mas as enzimas
de plantas estdo se tornando cada vez mais importantes. As preparacfes enzimaticas obtidas a
partir de extratos vegetais sdo utilizadas em processos industriais ha muito tempo, mesmo antes
de se conhecer acerca da natureza e propriedades das enzimas. No setor industrial, as peptidases
vegetais sd0 muito atraentes porque podem atuar em uma ampla faixa de temperatura e pH
(DUBEY et al. 2007) e as mais utilizadas sdo papaina, bromelaina e ficina, extraidas de Carica
papaya, Ananas comosus e Ficus carica, respectivamente. Entretanto, peptidases com novas
propriedades fisico-quimicas e mais interessantes para a industria ainda estdo sendo descobertas
(FEIJOO-SIOTA; VILLA, 2010).
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2.2 Gluten

Glaten é um termo designado a um conjunto de proteinas de armazenamento em
sementes, soltveis em alcool que podem ser encontradas no trigo (Triticum aestivum, gliadinas
e gluteninas), cevada (Hordeum vulgare, hordeinas), centeio (Secale cereale, secalinas) e
algumas variedades de aveia (Avena sp., aveninas), espécies pertencentes a familia Poaceae.
Proteinas do glaten de trigo sdo encontradas no endosperma do grdo maduro, onde formam uma
matriz continua em torno dos granulos de amido e representam até 80% do total de proteinas
desses grdos (ROSELL et al., 2014). S&o caracterizadas pelo grande contetudo de glutamina
(35%), aminoécidos hidrofobicos (19%) e prolina (15%) e pelo baixo contetido de aminoacidos
com cadeias laterais carregadas, o que lhes confere baixa solubilidade em agua. Além disso,
possuem poucos residuos de cisteina (~ 2%) que sao suficientes para a estrutura e funcéo das
proteinas do gluten.

Gliadinas séo polipeptideos de cadeia Unica e podem ser agrupadas em quatro tipos
diferentes, com base na sequéncia e composicdo de aminoacidos e massas moleculares, a
saber:05- (~ 50 kDa), o1,2- (~ 40 kDa), a/B- e y-gliadinas (~ 28-35 kDa), sendo as duas Gltimas
encontradas em maior propor¢do. As gluteninas compreendem proteinas agregadas ligadas
através de pontes dissulfeto com massa molecular variando de 500 a mais de 10.000 kDa. Séo
divididas em subunidades de glutenina de baixo peso molecular (LMW-GS, low molecular
weight glutenin subunits — 32-39 kDa) e subunidades de glutenina de alto peso molecular
(HMW-GS, high molecular weight glutenin subunits — 67-88 kDa). Ap6s a reducdo das ligacdes
dissulfeto, as subunidades de glutenina resultantes mostram uma solubilidade em solucdes
alcoolicas semelhante as gliadinas.

Gliadinas e gluteninas sdo caracterizadas por um alto polimorfismo genético e sua
distribuicdo total entre os diferentes tipos é fortemente dependente da variedade do trigo e das
condic@es de cultivo (solo, clima, fertilizacdo) (WIESER, 2007). Essas proteinas sdo de grande
importancia para a industria da panificacdo pelo seu desempenho unico na formacdo de uma
rede polimérica viscoelastica em produtos a base de farinha de trigo, conferindo capacidade de
absorcdo de agua, coesividade, viscosidade e elasticidade. As gliadinas hidratadas tém pouca
elasticidade e sdo menos coesivas do que as gluteninas e contribuem principalmente para a
viscosidade e extensibilidade da massa. Em contraste, as gluteninas hidratadas sdo coesivas e
elasticas e sdo responsaveis pela forca e elasticidade da massa (WIESER, 2007) e quando
presentes na proporcdo ideal de 2:1 (gliadina/glutenina) conferem excelente propriedade de

retencdo de gas e formacéo de poros uniformes apos o cozimento (SCHERF, 2019). Apds o
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contato com a agua e o intenso trabalho mecénico ha a interacdo de gliadinas e gluteninas
(Figura 4) através de pontes dissulfeto intra e intercadeia e ligagbes cruzadas covalentes de
tirosina-tirosina entre as proteinas do gluten e as ligacdes cruzadas de tirosina-acido
desidroferulico entre as proteinas do gluten e o arabinoxilano. A estrutura covalente da rede do
gluten é sobreposta por ligagfes ndo-covalentes como pontes de hidrogénio, ligacdes idnicas e
ligacBes hidrofobicas (WIESER, 2007).

Figura 4. Representacdo das proteinas do gldten. A esquerda, desenhos representativos que
mostram as classes de proteinas do gldten e a interagdo entre elas. A direita, uma micrografia

eletrénica de varredura mostra a matriz do glaten.

Gliadina Glutenina

Gliten (gliadina + glutenina)

Fonte: Fasano, 2011.

O glaten possui sequéncias repetitivas ricas em glutamina e prolina. Esse Gltimo,
tem uma estrutura ciclica de tetra-hidropirrol envolvendo o grupo a-amino. Essa estrutura
impede a rotagdo em torno da ligagdo aC — N da cadeia polipeptidica, ao fixar o &ngulo amino
diédrico em cerca de -65°, impedindo que as sequéncias contendo prolina se liguem ao sitio
ativo de enzimas digestivas (JAYAWARDANA et al., 2021). Tal evento resulta em uma
digestdo incompleta do gluten pelas enzimas gastrointestinais humanas, tais como a pepsina,
tripsina e quimotripsina, gerando peptideos capazes de atravessar a barreira epitelial intestinal,
iniciando cascatas imunogénicas envolvidas nas respostas alérgicas, sensibilidade ao gluten
ndo-celiaca e na doenca celiaca (SCHERF, 2019).

Existem pelo menos 50 epitopos em peptideos oriundos do gluten que exercem
atividades citotdxicas, imunomoduladoras e permeadoras do intestino. Essas atividades foram

parcialmente mapeadas para dominios especificos em a-gliadina (Figura 5): o peptideo
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citotoxico 31-43, o peptideo imunomodulador 57-89 (33-mer), os peptideos de liberagdo de
zonulina de ligacdo de CXCR3 (permeadores intestinais) 111-130 e 151-170 e o peptideo
liberador de interleucina (IL)-8 261-277 (FASANO, 2011). O peptideo 33-mer da a2-gliadina
(sequéncia aminoacidica: LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF) continua a ser o
mais importante em estudos de doenca celiaca, por possuir trés epitopos de celulas T
sobrepostos: PQPQLPYPQ (repetido 3 vezes), PYPQPQLPY (repetido 2 vezes) e
PFPQPQLPY. E frequentemente descrito como imunodominante e por esse motivo,
amplamente utilizado como peptideo modelo em varios sistemas de teste e para estudar a

capacidade de degradacdo de glaten de novas fontes promissoras de peptidases (SCHERF;
WIESER; KOEHLER, 2018).

Figura 5. Mapeamento de motivos de a-gliadina. Aqueles que exercem atividade citotoxica sdo
mostrados em vermelho, atividade imunomoduladora em verde-claro, liberagdo de zonulina e

atividade de permeacéo intestinal em azul e liberacdo de IL-8 dependente de CXCR3 em
pacientes com DC em verde escuro.
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Fonte: Fasano, 2011.

Nas Ultimas décadas, o gluten tem atraido grande atencdo devido ao crescente

namero de casos relacionados aos efeitos adversos decorrentes da ampla exposi¢éo a essa rede
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de proteinas. Tais efeitos adversos sdo denominados doencas relacionadas ao gluten, que sdo
mediadas pelo sistema imune. S&o elas: doenca celiaca, alergia ao trigo e sensibilidade ao glaten
ndo-celiaca.

Tem sido também observada uma tendéncia crescente de adoc¢do de uma dieta livre
de gluten na populagéo, chegando a 7% em alguns paises (CABANILLAS, 2019), mesmo na
auséncia de disturbios relacionados ao gliten e sem orientacdo profissional, baseada no
raciocinio de que a retirada do glaten da dieta € uma opcdo mais saudavel, que pode trazer
beneficios como perda de peso, melhoria da digestibilidade, clareamento da pele, dentre outros.
Entretanto, ndo hé evidéncias cientificas que garantam beneficios de uma dieta livre de gliten
a individuos saudaveis (ARSLAIN et al., 2021). Pelo contrario, muitos alimentos isentos de
gluten sdo produzidos a partir da farinha de outros cereais, principalmente de arroz, e quando
comparados aos produtos convencionais a base de trigo apresentam comumente mais calorias,
gordura e sodio, ao passo que contém menores quantidades de vitamina B-12, folato, niacina,
vitamina D, ferro, zinco, magnésio, calcio, fibras dietéticas e proteinas (ARSLAIN et al., 2021).
Segundo Hager et al. (2012) a farinha teff (Eragrostis tef) e de quinoa (Chenopodium quinoa)
poderiam ser candidatos promissores em substituicdo ao trigo por apresentarem alto valor
nutricional, contudo, possuem altos niveis de &cido fitico, considerado um fator antinutricional,

além de apresentam precos elevados.

2.3 Desordens relacionadas ao gluten

A doenga celiaca (DC) € uma enteropatia cronica intestinal imunomediada pela
exposicdo ao gluten em individuos geneticamente predispostos. O inicio dos sintomas é
geralmente gradual e caracterizado por um intervalo de meses ou anos apos a introducéo do
gluten na dieta. No entanto, em pacientes em tratamento prolongado com dieta livre de glaten,
a ingestdo dessa proteina pode ocasionalmente causar sintomas imediatos, como vomitos e dor
abdominal (SAPONE et al., 2012). Estima-se que 1% da populacdo mundial apresente essa
doenca e um motivo proposto para essa tendéncia € que, com um mercado mundial globalizado,
0s paises em desenvolvimento que tradicionalmente dependiam de grdos isentos de glaten,
como arroz e milho, estdo incorporando cada vez mais alimentos a base de trigo em suas dietas
(GREEN; LEBWOHL; GREYWOODE, 2015). Ha evidéncias de que o diagndstico para DC é
muitas vezes ignorado em criangas nas quais a infeccdo e a desnutricdo sdo comumente
associadas a doenca diarreica (BYASS; KAHN; IVARSSON, 2011; RAVIKUMARA,;
NOOTIGATTU; SANDHU, 2007).
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No intestino saudavel ha vilosidades longas e criptas proliferativas curtas, ao passo
que o intestino celiaco apresenta atrofia das vilosidades e alargamento das criptas. Isso leva a
reducdo da superficie de absorcdo de nutrientes (STAMNAES; SOLLID, 2015) e resulta em
um quadro de diarréia, esteatorréia, perda de peso e restricdo do crescimento em criangas, dor
abdominal e constipagdo (LUDVIGSSON et al., 2012). Alguns pacientes podem apresentar
sintomas gastrointestinais minimos ou nenhum, mas apresentar sintomas extra intestinais como
anemia ferropriva, dermatite herpetiforme, ataxia cerebelar, linfoma, artrite e doenca dssea
metabolica (SHANNAHAN; LEFFLER, 2017).

A manifestacdo de DC é dependente da interacdo de trés fatores: genética,
exposi¢do ao gluten e influéncias ambientais. O fator genético mais importante ¢ o MHC de
classe Il (do inglés major histocompatibility complex). A maioria dos pacientes DC expressa o
heterodimero HDL-DQ2.5 (alelos DQA1*05, DQA1*02) (~90%), enquanto uma outra parcela
expressa HLA-DQ2.2 (alelos DQA1*02:01, DQB1*02:02) ou HLA-DQ8 (alelos DQA1*03,
DQB1*03:02) (~5% cada) (STAMNAES; SOLLID, 2015). Embora esses al6tipos HLA (do
inglés humam leukocyte antigen) sejam necessarios para o desenvolvimento da doenca, a sua
presenca ndo é determinante para o diagnéstico, uma vez que 30% a 40% da populacéo geral
sdo portadores de pelo menos um desses alelos. Todavia, a sua auséncia indica resultado
negativo para DC (GREEN; LEBWOHL; GREYWOODE, 2015).

Sob condigdes fisioldgicas normais, as juncgdes intercelulares do epitélio intestinal
funcionam como a principal barreira a passagem de macromoléculas, tais como as proteinas do
gluten. Contudo, acredita-se que os peptideos oriundos da digestdo incompleta do gluten
alcancem a lamina propria do intestino por duas vias: transcitose epitelial mediada pelo
interferon y (INFy) (SCHUMANN et al., 2008) e via paracelular através das juncgdes
intercelulares (SCHUPPAN; JUNKER; BARISANI, 2009). Quando esse sistema de juncédo
intercelular estd comprometido em decorréncia de infeccdo entérica, cirurgia ou DC, ou como
resultado da regulacdo positiva da zonulina, peptideos grandes podem assim atravessar a
barreira epitelial e alcancar as células apresentadoras de antigenos (do inglés APC, antigen-
presenting cells) na lamina propria (NIEWINSKI, 2008).

A base estrutural para a relagdo HLA-DQ2.5, HLA-DQ2.2 e HLA-DQ8 (MHC
classe I1), encontrados na superficie celular de APCs de pacientes com doenca celiaca esta na
preferéncia desses alétipos por ligagdes peptidicas com aminoacidos carregados negativamente.
Os peptideos do gluten de trigo tém poucos residuos carregados e os residuos de prolina
impedem a formacao eficiente de pontes de hidrogénio entre MHC de classe 1l. Dessa forma

esses peptideos, ao alcancarem a lamina propria do epitélio intestinal, tornam-se substrato da
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enzima transglutaminases 2 (TG2), que converte glutamina em &cido glutamico. A introdugéo
de cargas negativas por desaminagéo ocorre de uma maneira altamente dependente da sequéncia
e isso € guiado pelo posicionamento dos residuos de prolina. Essa desaminacdo de peptideos
do gluten gera residuos de glutamato que funcionam como ancora e levam a formacéo de um
complexo estdvel com HLA-DQ2.5, HLA-DQ2.2 e HLA-DQ8 (STAMNAES; SOLLID, 2015).

Apos a interacdo com alotipos do HLA, os peptideos desaminados do glaten s&o
apresentados as células T CD4", levando a sua ativacdo, ocasionando a inflamacao intestinal e,
em ultima instancia, hiperplasia das criptas e atrofia das vilosidades intestinais (CRESPO
PEREZ et al., 2012). Além disso, esses linfocitos podem estimular a producéo de anticorpos
tanto contra epitopos do gliten como contra o autoantigeno TG2 (DU PRE, 2015).

Vaérios fatores podem aumentar o risco de DC, como o uso de antibidticos e de
inibidores da H+/K+-ATPase (LEBWOHL; LUDVIGSSON; GREEN, 2014). Outro fator
possivelmente associado é a influéncia patogénica da proporcao de certas bactérias presentes
na microbiota intestinal (OLIVARES et al., 2014). Além disso, anélises sobre a influéncia do
reovirus, conhecido como um patégeno avirulento que provoca imunidade protetora, no
desenvolvimento de DC, propuseram que virus podem induzir respostas imunitarias pro-
inflamatorias ao antigeno dietético alterando a homeostase imune intestinal, inclusive em locais
onde a tolerancia oral é induzida (BOUZIAT et al., 2017).

A alergia ao trigo também é uma desordem que produz uma resposta imune, com
prevaléncia de 0,33% a 1,17%, mas diferentemente do que ocorre na DC, a resposta nesse caso
é mediada por anticorpos IgE induzidos por proteinas contidas no trigo e nao necessariamente
em outros graos, como centeio ou cevada. Atualmente, ha 28 alérgenos no trigo descritos pelo
Allergen Nomenclature Sub-Committee IUIS (http://www.allergen.org, acesso em set. 2021)
dentre eles o, a/p- e y-gliadinas, glutenina de alto e baixo peso molecular, inibidor de a-
amilase/tripsina, proteina transferidora de lipideos, dentre outros.

A alergia ao trigo associada a ingestdo tem uma prevaléncia maior em criancas e
pode produzir sintomas como vomitos, dor abdominal, angioedema, urticaria, anafilaxia, dentre
outros. Em adultos essa alergia por ingestdo frequentemente é associada a rea¢des anafilaticas
associadas ao exercicio. Essa condicdo recebe o nome de anafilaxia induzida por exercicio
dependente de alimentos (AIEDA), que além do trigo esta associada também a ingestdo de
frutos do mar, leite de vaca, aipo, milho, banana, farinhas contaminadas com &caros e
amendoim (GELLER, 2015). A farinha de trigo crua também pode induzir alergia por inalagéo,
sendo denominada asma do padeiro e trata-se de umas das alergias ocupacionais mais
frequentes em varios paises (QUIRCE; DIAZ-PERALES, 2013). Nessa condigéo, a rinite
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frequentemente precede os sintomas asmaticos, além disso, conjuntivite também pode estar
associada. O diagnostico envolve teste por picada na pele (skin-prick test - SPT) e testes para a
deteccdo e quantificacdo de IgE especifica para extrato de trigo e alérgenos de trigo no soro

sanguineo.

Figura 6. Aspectos da fisiopatologia da doenga celiaca. HLA-DQ2/DQ8 em células
apresentadoras de antigeno (APC) apresenta peptideos derivados do gluten desaminados por
TG2 em células T CD4+, que sdo fundamentais para o inicio da resposta inflamatéria na DC.
Por um lado, eles promovem uma resposta em Th1 no qual grandes quantidades de IFN-y e IL-
21 sdo produzidas contribuindo para a ativacdo de linfocitos intraepiteliais, que séo
fundamentais para o dano ao tecido intestinal. Outras citocinas, como IL-15 ou IFNs tipo I, séo
reguladas positivamente no epitélio da lamina propria na doenca celiaca e sdo essenciais na
funcdo e expansdo dos linfdcitos intraepiteliais. As células T CD4+ também induzem uma
resposta em Th2 e promovem a expansao clonal das células B e a producédo de anticorpos IgA
contra TG2 e gliadina.
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Fonte: Cabanillas (2019).

O termo sensibilidade ao gluten ndo-celiaca (SGNC) foi designado as pessoas que
relataram sintomas relacionados a ingestdo de glaten e responderam satisfatoriamente frente a
uma dieta livre de glaten. Essa doenca apresenta diferengas em relacdo as outras desordens

mencionadas anteriormente por ndo haver a produgdo de autoanticorpos IgA anti-TG2 ou IgE
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especifica contra proteinas do trigo. Além disso, os pacientes apresentam permeabilidade
intestinal normal. Como ainda ndo ha biomarcadores especificos disponiveis, o diagndstico de
SGNC é realizado por meio do critério de exclusdo entre DC e alergia ao trigo e sua prevaléncia
varia amplamente entre os estudos, oscilando entre 0,16% a 13% (CABANILLAS, 2019).
Apesar disso, um estudo recente sugeriu que certos marcadores de inflamagdo, como um
aumento na infiltracdo de eosinofilos na mucosa retal, possam constituir um possivel
biomarcador especifico da SGNC (CARROCCIO et al., 2019).

Atualmente, o tratamento mais difundido para pacientes acometidos com essas
desordens ainda é uma dieta livre de gluten durante toda a vida (ARSLAIN et al., 2021).
Enguanto a maioria das pessoas adquire tolerancia ao consumo de gluten, outras séo sensiveis,
resultando em alergia mediada por IgE ou na propria doenca celiaca. Para garantir a seguranca
dos consumidores sensiveis ao glaten, o Codex Alimentarius (CODEX STANDARD 118-1979,
2015), especifica o limite maximo de 20 mg/kg de glaten em alimentos rotulados com a
especificagdo “nao contém gliten” em dois grupos diferentes de alimentos e bebidas, aqueles
produzidos a partir de cereais que ndo contém gliten e aqueles produzidos a partir de cereais
gue possuem gldten, mas que séo processados a fim de obter um conteddo final de gluten abaixo
de 20 mg/kg (WATSON et al., 2021).

A maioria dos alimentos livres de gluten disponiveis no mercado atualmente séo
produzidos a partir de outros cereais naturalmente sem gluten, que frequentemente sdo
inferiores aos produtos correspondentes a base de trigo em relacdo ao sabor, cor, textura e
sensacdo na boca. Essas propriedades aliadas a disponibilidade limitada no mercado de
produtos gluten-free e aos custos elevados podem contribuir para uma menor adesao a dieta
livre de glaten, que é estimada em apenas 45-80% em pacientes adultos com DC (SCHERF;
WIESER; KOEHLER, 2018). Embora o custo de produtos livres de glaten tenha diminuido nos
ultimos 10 anos, permanece significativamente mais alto do que os produtos equivalentes a base
de trigo, podendo atingir uma diferenca de até 300% para alguns alimentos (Figura 7) (LEE et
al., 2019; AFONSO; JORGE; MOREIRA, 2016).

Aderir a uma dieta sem glaten para toda a vida pode ter um impacto negativo
significativo na qualidade de vida e pode produzir um estresse psicolégico, emocional e
econémico consideravel nos pacientes. Além disso, o gliten pode estar presente em alimentos
sem amido, como molho de soja e cerveja, 0 que torna tal tarefa ainda mais dificil (CAPUTO
etal., 2010).
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Figura 7. Precos médios por categoria de produtos alimentares e percentagem de diferenca de
preco.
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Vérias estratégias tém sido desenvolvidas com o objetivo de reduzir o potencial
imunogénico das proteinas do glaten como a modificacdo genética de linhagens de trigo para a
obtencdo de baixo teor de gliadina através da tecnologia de RNAI (GIL-HUMANES et al.,
2010) e CRISPR/Cas9 (SANCHEZ-LEON et al., 2018), vacina, modulagio da permeabilidade
intestinal, polimeros sequestrantes de gliadinas e protedlise de peptideos imunodominantes
antes da ingestdo ou em co-administracdo com alimentos (RIBEIRO et al., 2018). Contudo, a

maioria ainda encontra muitas dificuldades na fase de estudo.

2.4 Hidrdlise enzimatica do glaten

O gluten pode ser hidrolisado quimicamente ou por meio de enzimas. A hidrolise
acida e conduzida mais facilmente e por esse motivo é 0 método mais comumente utilizado
para hidrolisar o gldten na inddstria. No entanto, a hidrolise acida pode levar a reagdes
secundarias indesejadas, aléem de resultar muitas vezes na degradacdo de aminoacidos
essenciais. A hidrolise tradicional com acido cloridrico pode formar substancias consideradas
toxicas, tais como 3-cloro-1,2-propanodiol (MCPD) e 1,3-dicloro-2-propanol (DCP) e resultar
em concentragdes elevadas de cloreto de sodio nos produtos neutralizados (GIESLER et al.,
2013).
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Por outro lado, a hidrélise enzimatica apresenta diversas vantagens em relacéo a
hidrélise quimica. E um processo limpo e especifico, requer baixo consumo de energia e
condicdes de trabalho mais seguras com toxicidade reduzida, baixa producéo de residuos e ndo
influenciam no valor nutritivo do glaten do trigo. Além disso, enzimas sdo biodegradaveis,
normalmente desnaturadas durante o cozimento, e sdo aditivos mais preferiveis comparados
aos agentes quimicos (POURMOHAMMADI; ABEDI, 2021). O estudo da acéo de peptidases
sobre o gluten se baseia em trés motivos principais: melhorar suas propriedades fisico-quimicas
do gluten, pesquisar peptideos com atividade biolégica obtidos a partir da hidrolise, e obter
informacdes acerca de sua estrutura do gluten (KONG; ZHOU; QIAN, 2007).

Enzimas capazes de degradar o gluten foram identificadas em plantas,
especialmente em cereais contendo gluten (Triticum sp., Secale cereale, Hordeum vulgare),
nomamao (Carica papaya), em fungos como Aspergillus flavus var. oryzae e A. niger, bactérias
incluindo Sphingomonas capsulata, Myxococcus xanthus, Flavobacterium meningosepticum,
Rothia mucilaginosa, Pseudomonas aeruginosa, Bacillus sp., Lactobacillus sp. e
Bifidobacterium sp., e em insetos como a broca-pequena Rhizopertha dominica (SCHERF;
WIESER; KOEHLER, 2018).

Para desencadear uma resposta imune em doentes celiacos os peptideos de gluten
com um tamanho > 9 residuos de aminoacidos precisam atravessar o trato gastrointestinal e
atingir a lamina prépria para conseguirem se ligar ao bolsdo de ligacdo de HLA-DQ2/8.
Consequentemente, qualquer peptidase capaz de hidrolisar o glaten em peptideos com menos
de nove residuos de aminoéacidos, poderia eliminar efetivamente a imunorreatividade observada
na fisiopatologia da doenga celiaca (SCHERF; WIESER; KOEHLER, 2018). Uma alternativa
considerada para avaliar a eficiéncia de peptidases € a sua capacidade em clivar o peptideo 33-
mer da a-gliadina.

Até 0 momento poucas enzimas se mostraram potencialmente adequadas para a
degradacdo das proteinas do glaten no processamento de alimentos (Figura 8). Como esperado,
peptidases de gréos que contém gluten, como cevada e trigo, foram capazes de clivar o peptideo
33-mer em diversos sitios, visto que essas peptidases, em sua maioria cisteinicas, atuam na
mobilizacdo das proteinas de reserva durante a germinacdo. Entretanto, a atividade proteolitica
dessas peptidases ¢ perdida na presenga de etanol (> 2%), o que pode limitar sua utilizagdo em
alguns processos industriais (KNORR et al., 2016).

A enzima caricaina, obtida a partir do latex de Carica papaya, foi capaz de reduzir
0 contetdo de gliadina em pdes integrais (BUDDRICK; CORNELL; SMALL, 2015) e

atualmente é comercializado como suplemento alimentar para auxiliar na digestéo de proteinas
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do gluten (GluteGuard®). A actinidina, enzima extraida dos frutos de kiwi, também se mostrou
promissora na hidrdlise de diferentes sitios em gliadinas, bem como do peptideo 33-mer
(JAYAWARDANA et al., 2021).

Figura 8. Visdo geral dos locais de clivagem enzimatica do peptideo 33-mer de a2-gliadina.
As setas indicam os sitios onde ocorrem as clivagens. X indica imunorreatividade persistente

na doenga celiaca; V indica completa hidrélise de sequéncias de aminoacidos ativas na doenca

celiaca.
A Pepsina LY*QLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF x
B Tripsina LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF x
C Quimotripsina LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF x
D Extrato de malte de cevada La*LartrPapPaLPYPQPQLPYYPQPQLPYYPQPQPF v
E EP-B2 (Hordeum vulgare) La'LaprrarQ tLPYPQPQ fLPYPQPQ FLPYPQPQPF v
F Triticaina-a (Triticum aestivum) LaLtatprrapatirtyraratLrtyrapralLrtyPQrQ 't PR v
G Dipeptidil peptidase IV (4spergillus oryzae) LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF X
H Aspergillopepsina (4. niger) LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF X
I AN-PEP (4spergillus niger) LataprtrrapraLrtyrtaraLptyrtaraLptyPiarQPr fF v
] SC-PEP (Sphingomonas capsulate) LaLaprrapPaLPtyrtaraLPtyPtapaLPtYP fQPQPF v
K MX-PEP (Myxococcus xanthus) Latartrrap faLrtyrapraLPtYPQPQLP fYPQPQPF v
L FM-PEP (Flavobacterium meningosepticum) |QLQP*FPQPQLP'YP*QPQLP'YP*QPQLPYYPYQPQP'F v
M Rothia mucilaginosa LataprtrtaratLrytraralLpy traratLry PPl pF v
N Pseudolisina (Pseudomonas aeruginosa) LQ'LaPFPQPQLPYPQPQYLPYPQPQ'LPYPQPQPF v
O LAB PepN + PepX + PepO (Lactobacillus sp.) LQ'L*aP*rptapaLptyrtapaliptyrtapraliptyrtaptarr v/
P Rhizopertha dominica LatarrptapralrtyrtaralptyrtaraLPtYPQPtQPF v
Q Kuma030 LQLQPFPQPQ}LPYPQPQYLPYPQPQ}LPYPQPQPF v

Fonte: Scherf; Wieser; Koehler (2018).

O uso de peptidases na diminuicdo da imunorreatividade do gluten se da através do
processamento de alimentos para fabricacdo de produtos gluten-free ou da ingestdo como
suplemento alimentar para auxiliar na digestdo. Considerando essa Ultima categoria, ha
disponiveis comercialmente diversas formulacdes destinadas a essa finalidade, como Digest
Gluten® (peptidases de A. oryzae, A. niger e A. melleus), Glutalytic® (mistura de endopeptidases
e exopeptidases, dentre elas dipeptidilpeptidase 1V), GlutnGo® (prolyl endoproteease de A.
niger conhecida comercialmente como Tolerase® G).

Muitos alimentos contém gluten, embora ndo possuam quaisquer ingredientes que
contenham gluten, devido ao contato cruzado com esses ingredientes (FOOD AND DRUG

ADMINISTRATION, 2013) e frequentemente tem sido relatado casos de ingestéo acidental.
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Diante disso, tem sido proposto também o emprego de peptidases em formulagdes para limpeza
de residuos de gliten em processos industriais (FUCINOS et al., 2019). A formulagio
enzimatica Tolerase® G, por exemplo, é empregada para inativar contaminac@es ocultas de
gluten que podem estar presentes em alimentos supostamente sem gldten.

Além de diminuir aimunogenicidade, a hidrdlise enzimética das proteinas do gliten
esta se tornando cada vez mais importante nas indudstrias alimenticias e ndo alimenticias com o
objetivo de melhorar certas propriedades. O uso de peptidases € um eficiente método de
modificacdo de proteinas, com as quais, sob condicdes de reacdo controladas, € possivel obter
hidrolisados com caracteristicas diferentes da proteina de origem (ELMALIMADI et al., 2017).
A hidrélise enzimética limitada tem se mostrado mais eficiente para a melhoria das
propriedades de solubilidade, emulsificacdo e formacdo de espuma. Ja uma hidrélise mais
profunda, que pode ser alcangada com o uso de um complexo de exo- e endopeptidases, pode
gerar peptideos mais curtos que podem apresentar atividade antioxidante, inibitéria da enzima
conversora de angiotensina (ECA), hepatoprotetora, dentre outras (ASRARKULOVA,
BULUSHOVA, 2018).

2.5 Morinda citrifolia L.

Morinda citrifolia L. é uma espécie pertencente a familia Rubiaceae, nativa do
sudeste da Asia (Indonésia) a Australia e globalmente conhecida como noni, nuna, mengkudu,
nhaut, arbusto analgésico ou fruta queijo. Possui ciclo de vida perene, de clima tropical e
temperado, geralmente encontrada em altitudes a partir a 400 m do nivel do mar, embora se
adapte melhor as regides costeiras. Adaptada aos mais variados ambientes, essa espécie se
desenvolve tanto em solos férteis como inférteis, secos ou umidos, acidos ou alcalinos e
apresenta ampla tolerancia a exposicdo ao vento, inundacfes, salinidade, competicdo com
espécies alelopaticas, dentre outros fatores (NELSON, 2006).

No Brasil é possivel encontrar cultivos de noni nos estados do Acre, Sdo Paulo,
Minas Gerais, Para, Sergipe e Ceard. (CORREIA et al., 2011). Atualmente, existem duas
variedades reconhecidas de M. citrifolia (M. citrifolia var. citrifolia e M. citrifolia var.
bracteata) e uma cultivar (M. citrifolia cultivar Potteri), sendo a variedade M. citrifolia var.
citrifolia a de maior importancia econémica (ABOU ASSI et al., 2017).

A espécie é um arbusto ou arvore pequena, possui folhas simples, largas, elipticas
e opostas, com flores pequenas e tubulares agrupadas e inseridas no peddnculo, apresentando
corola branco-esverdeada (Figura 9A-C) (CHAN-BLANCO et al., 2006). Seus frutos sdo
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formados a partir de ovéarios de varias flores (infrutescéncia) e assumem um formato ovalado,
com cerca de 14 cm de comprimento e 8 cm de didmetro. S&o carnudos, ligeiramente enrugados
e sua frutificacdo pode ocorrer no ano todo (Figura 9D). Apresentam pequenos botdes marrom-
avermelhados, cada um contendo quatro sementes. A polpa é suculenta com sabor amargo ou
adstringente, coloracdo amarelo claro fosco ou esbranquicado e apresentam um forte odor
rangoso de &cido butirico, caracteristico da fruta madura (MORTON, 1992).

Os frutos do noni sdo climatéricos e geralmente colhidos ainda verdes. De acordo
com seu estadio de maturacdo, a coloracdo varia de amarelo a cinza esbranquicado/translicido
e marrom, quando senescem, e essas mudancas ocorrem rapidamente apds a colheita
(MOTSHAKERI; GHAZALLI, 2015). O fruto de noni pode conter até 260 sementes ovoides
com cerca de 4-9 mm de comprimento e uma camara de ar distinta (Figura 9E) (NELSON,
2006). E possivel encontrar frutos em diferentes estadios de maturacdo em uma mesma planta

€ a0 mesmo tempo.

Figura 9. Visdo geral dos aspectos morfologicos de Morinda citrifolia L. (A) Planta adulta. (B)
Folhas. (C) Flores. (D) Frutos. (E) Sementes.

7 o

Fonte: NELSON, 2006; https://wiki.nus.edu.sg/.

Quase todas as partes do noni, incluindo as raizes, caule, casca, frutos e folhas tém
sido utilizadas na cura ou como medida preventiva no manejo de vérias doengas agudas e
cronicas na cultura polinésia nos ultimos 2.000 anos (LOHANI et al., 2019).

Considerando os estudos com compostos fitoquimicos, a literatura mostra que mais

de200 metabdlitos ja foram identificados e isolados de diferentes partes de M. citrifolia
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(SINGH, 2012). As principais classes quimicas isoladas de noni foram betalainas, indois,
glucosinolatos, organossulfetos, sulfetos, compostos mono ou polifendlicos, terpenos
(isoprenoides, terpendides) e acidos organicos (LOHANI et al., 2019). Os principais acidos
organicos encontrados em M. citrifolia sdo os acidos caproico e caprilico, enquanto o principal
alcaloide relatado é a xeronina. Além disso, os compostos fendlicos foram considerados o
principal grupo de micronutrientes funcionais no suco de M. citrifolia e incluem damnacanthal,
escopoletina, morindona, alizarina, aucubina, nordamnacantal, rubiadina, éter de rubiadina-1-
metilico e outros glicosideos de antraquinona (AHMAD; DAUD; ISMAIL, 2016). O teor de
proteina da fruta é surpreendentemente alto, representando 11,3% da matéria seca do suco, e 0s
principais aminoacidos sdo &cido aspartico, acido glutdmico e isoleucina. (CHAN-BLANCO et
al., 2006).

Diversas atividades bioldgicas tém sido atribuidas ao noni. O extrato de seus frutos
apresentou agdo antibacteriana contra Staphylococcus aureus, Pseudomonas aeruginosa,
Salmonella typhi, Escherichia coli, Klebsiella pneumonia, Shigella flexneri, Salmonella
paratyphi, Aeromonas hydrophila, Vibrio cholera, Chromobacterium violaceum, Enterococcus
faecalis, dentre outros (JAYARAMAN et al., 2008). Efeitos hepatoprotetor e antidislipidemia
ja foram associados a atividade antioxidante presente em frutos, folhas e raizes do noni (LIN et
al., 2013; MANDUKHAIL et al., 2010). Atividade anti-inflamatoria tem sido reportada para
frutos (SOUZA et al., 2018) e sementes (CAMPOS et al., 2017). Além disso, atividade
antiartritica  (SARASWATHI et al., 2012), anticancer (JEYAPRAKASH; ALSALHI;
DEVANESAN, 2020), antidiabética (PURANIK et al., 2013), de cicatrizacdo de feridas (LY
et al., 2020), gastroprotetor (MAHATTANADUL et al., 2011), dentre outras, é relatada em
extrato de folhas e frutos, diversas vezes associados a presenca de compostos como
polissacarideos sulfatados, damnacanthal, acido ursolico, rutina e escopoletina.

O noni tem sido objeto de estudos desenvolvidos pelo Laboratorio de Quimica
Medicinal do Nucleo de Pesquisa e Desenvolvimento de Medicamentos da Universidade
Federal do Ceara, no qual esta tese foi desenvolvida. A partir das sementes dessa espécie foi
isolada uma proteina transferidora de lipideos, denominada McLTP1, que apresentou efeitos
anti-inflamatério (CAMPOS et al., 2017), antinociceptivo (CAMPOS et al.,, 2016) e
antibacteriano (SOUZA et al., 2018).

Recentemente, foi observada a presenca de peptidases no puré de noni, com 6timo
de atividade em pH 6-7 na temperatura de 40-60 °C, utilizando-se azocaseina como substrato.
A atividade proteolitica foi inibida em sua quase totalidade, quando o extrato foi incubado com

E-64 (0,18 mM) e iodoacetamida 0,1 mM, indicando serem as mesmas, peptidases do tipo
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cisteinicas (FARIAS et al., 2020). Sua atividade proteolitica de 1718,69 UAP/g ultrapassa a da
maioria dos vegetais, como é o caso do Kiwi (Actinidia deliciosa), abacaxi (Ananas comosus),
mamao (Carica papaya) e figo (Ficus carica) que apresentam uma média de 25,92 UAP/g
(SUN et al., 2016).

O potencial biotecnoldgico das peptidases do puré do fruto de noni também foi
avaliado (FARIAS, 2020), onde estas se mostraram promissoras na coagulacgdo do leite para
producdo de queijo que apresentaram qualidade semelhante aos produzidos com o uso de coalho
comercial a base de quimosina. Esse processo de aplicacdo encontra-se descrito em patente
depositada no Instituto Nacional da Propriedade Industrial — INPI (N° do registro
BR1020170012646).

Alguns relatos de hepatotoxicidade tém sido associados ao consumo diario do suco
de noni para fins terapéuticos, além de estudos in vivo em roedores (MOHAMAD SHALAN,;
MUSTAPHA; MOHAMED, 2017; YU etal., 2011; STADLBAUER et al., 2008; YUCE et al.,
2006; MILLONIG; STADLMANN; VOGEL, 2005; STADLBAUER et al., 2005), levando a
US Food and Drug Administration, em 2004, a emitir adverténcias aos fabricantes de produtos
ndo-especializados em relacdo a alegacdes de melhorias a satde ndo comprovadas (LOHANI
et al., 2019) e a ANVISA a divulgar um informe técnico proibindo a comercializacdo de
produtos a base de noni como alimento até que os requisitos legais que exigem a comprovacao
de sua seguranca de uso sejam atendidos, por se tratar de um fruto sem histérico de consumo
do Brasil (ANVISA, 2007). Por outro lado, a Unido Europeia aprovou o suco comercial de noni
como um novo alimento, uma vez que nove anos e meio de vigilancia pos-comercializacdo do
suco Tahitian Noni revelaram que mais de 80 milhdes de unidades foram vendidas e foram
registradas somente 304 reclamacdes de consumidores relatando comprometimento da sadde
(EUROPEAN FOOD SAFETY AUTHORITY, 2006). Outros estudos in vivo ndo identificaram
efeitos toxicos no figado de roedores (ROSLY et al., 2011; WEST et al., 2006; WANG et al.,
2002; WEST et al., 2009), demonstrando assim que a associagédo entre o suco dos frutos e lesdes
hepaticas permanece controversa.

Compostos ativos que podem estar dentro dos alimentos e bebidas que consumimos
diariamente podem ser de duas origens principais: naturalmente incluidas ou adicionadas
artificialmente. Os riscos ou beneficios de elementos ativos contidos nos alimentos dependem
tanto de sua natureza quimica quanto de sua concentragdo. Alguns compostos podem ser tOXicos
mesmo quando ingeridos em pequenas doses, enquanto outros passam a apresentar toxicidade
apenas em dosagens elevadas (GHANEMI, 2015). Muitos alimentos integrais e ingredientes

alimentares caracterizados séo considerados seguros por meio de seu historico de uso, muitas
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vezes tradicional, na dieta humana. Onde esse histérico de uso seguro esta ausente, os alimentos
ou ingredientes em questdo s&o vistos como "novos™ e sujeitos ao controle pela legislacéo de
novos alimentos (BLAAUBOER et al., 2016). No Brasil essa legislacdo é estabelecida pela
ANVISA que em seu documento Guia para a Comprovagdo da Seguranca de Alimentos e
Ingredientes (ANVISA, 2019) preconiza que a avaliacdo do risco da maioria das substancias

quimicas adicionadas em alimentos é inteiramente dependente de estudos em animais e in vitro.
3HIPOTESE
O extrato do puré de noni (Morinda citrifolia L.) constitui uma fonte de peptidases

cisteinicas ndo toxicas capazes de hidrolisar o gluten, sendo, portanto, um promissor ingrediente

alimentar na producéo de alimentos gluten-free.
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4 OBJETIVOS

4.1 Objetivos gerais

e Auvaliar a potencial de peptidases cisteinicas de NPE na hidrolise de proteinas do
gluten de trigo;
e Avaliar a toxicidade in vitro e in vivo de NPE visando seu uso como novo

ingrediente alimentar.

4.2 Objetivos especificos

e Avaliar a capacidade de peptidases cisteinicas de NPE na hidrolise de gliadinas e

gluteninas da farinha de trigo;

e Analisar o perfil de massa molecular de hidrolisados de gliadinas e gluteninas ap6s

hidrélise com NPE;
e Mensurar conteido de gliadinas intactas residuais ap6s hidrolise com NPE.

e Fracionar peptidases cisteinicas de NPE e avaliar o desempenho na hidrdlise das

proteinas do gluten de trigo;

e Auvaliar a susceptibilidade hidrolitica de proteinas de NPE frente as enzimas

proteoliticas gastrointestinais;
e Avaliar o efeito toxico de NPE sobre o DNA celular;

e Avaliar o efeito toxico de NPE apo6s administracdo em dose Unica e em doses

repetidas em camundongos.
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5 ESTRATEGIA EXPERIMENTAL

Os resultados obtidos neste trabalho foram reunidos em um manuscrito e submetidos ao periddico Food and Chemical Toxicology
(fator de impacto: 4.6), que se enquadra no extrato Al do sistema Qualis/CAPES.

A estratégia experimental utilizada neste trabalho foi organizada de acordo com o organograma abaixo:

NPE
(Extrato do puré
de noni)
L. Hidrdlise do ! i
oliten IfCFract'ona?'e:tO I1L. Digestibilidade IV, Avallacgo da
‘romatografia de = i i
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Abstract

Previous reports have shown that noni (Morinda citrifolia L.) puree extract (NPE) is a
promising source of cysteine peptidases with potential applications in the food industry. This
work aimed to expand its applications by analyzing the potential of NPE in wheat gluten
hydrolysis and assessing its safety as a new food ingredient. NPE cysteine peptidases hydrolyze
both gliadins and glutenins, reaching a degree of hydrolysis (DH) of 24.40% and 31.78%,
respectively. NPE reduced 96.80% of gliadin content after 4 h detected by R5 ELISA. The
fractionation of NPE (Source 30S) resulted in an unretained (P1) and a retained peak (P2) that
showed proteolytic activity with different electrophoretic and zymographic profiles. P1 and P2
had similar (p<0.05) DH in gliadins (about 9%). P1 performed better (10.68%) in glutenins
compared to P2 (8.55%). NPE did not show cytotoxicity or genotoxicity. Acute and subchronic
toxicity studies in mice proved that NPE (5, 10, and 20 mg/kg) was not likely to induce changes
indicative of toxicity, compared to control, in animal mass, hematological and biochemical
parameters, relative weight, and histopathology of organs analyzed. These findings suggest that
NPE has excellent potential to be used as a new safe ingredient for the production of gluten-

free foods.

Keywords: Morinda citrifolia L.; cysteine peptidases; gluten; oral toxicity; genotoxicity.

Abbreviations: NPE, noni puree extract; DTT, dithiothreitol; CD, celiac disease; NCGS, non-
celiac gluten sensitivity; OPA, ortho-phthalaldehyde; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2Htetrazolium bromide; MMS, methyl methanesulfonate, DXR, doxorubicin; MN,
micronucleus; DH, degree hydrolysis; HMW-GS, high molecular weight; LMW-SG, low

molecular weight subunits; WBC, white blood cells; LYM, lymphocytes; GRA, granulocytes;
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RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean cell volume; MCH,
mean cell hemoglobin; MCHC, Mean Corpuscular Hemoglobin Concentration; RDW, Red Cell
Distribution Width; PLT, platelet; PCT, plateletcrit; MPV, mean platelet volume; PDW, platelet
distribution width; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate

aminotransferase.

1 Introduction

Peptidases are enzymes capable of hydrolyzing proteins, being exploited for numerous
biotechnological applications with commercial added value (Tavano et al., 2018). Apart from
milk coagulation use, peptidases have also been employed as a powerful tool in the food
industry to improve the properties of the food matrix, changing the sensory and nutritional
quality, increasing the digestibility, delaying spoilage, improving functional properties,
producing bioactive peptides, or decreasing allergenicity of proteins, such as gluten (Tavano et
al., 2018).

Wheat gluten (gliadins and glutenins) is essential for the bakery industry due to its
unique performance in forming a viscoelastic network in products based on wheat flour
(Wieser, 2007). Gluten is a group of storage proteins found in wheat, barley, rye, and oat
varieties. Unfortunately, some disorders are associated with these proteins, mainly gliadins:
celiac disease (CD), gluten/wheat allergy, and non-celiac gluten sensitivity (NCGS).

Nowadays, the most widespread treatment for those disorders is a lifelong gluten-free
diet. Most gluten-free products available on the market are based on naturally gluten-free grain
flours. However, these products are often inferior to their corresponding wheat-based products
in flavor, color, texture, and mouthfeel. Among the strategies for gluten detoxification,
peptidases are an exciting alternative in food processing (Scherf et al., 2018). Peptidases have

already been marketed in specific formulations as an adjuvant in gluten-free diets
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(Krishnareddy et al., 2017). Moreover, some peptidases have been tested in clinical trials, such
as prolyl endopeptidases (PEP) from Flavobacterium meningosepticum, Aspergillus niger,
Myxococcus xanthus, and Sphingomonas capsulata; glutamine-specific cysteine endopeptidase
(EP-B2) from seeds of germinating barley; and subtilisin from Rothia bacteria (Wei et al.,
2020).

A study published by our research group identified peptidases in the puree extract of the
fruits of Morinda citrifolia L., which was named NPE (Farias et al., 2020). These peptidases
had an optimum pH of 6-7 and activity in a temperature range of 40-60 °C, with an optimum at
50 °C. Noni puree peptidases were inhibited by E-64 and iodoacetamide, indicating that they
belong to the group of cysteine peptidases. These peptidases were able to coagulate the milk
and proved to be good ingredients for cheese production. Given the high proteolytic activity in
noni fruit puree, it is interesting to explore further the biotechnological potential of these
peptidases in the hydrolysis of other food proteins of industrial interest, such as gluten.

This research aimed to investigate the potential application of NPE in the hydrolysis
of wheat gluten proteins. Furthermore, considering its use as a new food ingredient, the acute

and repeated dose toxicity profile, genotoxicity, and in vitro cytotoxicity of NPE were studied.

2 Materials and methods

2.1 Chemicals

Chemicals used in this study were of the highest purity grade available and were
obtained from Merck Brazil unless otherwise specified. The ELISA test RIDASCREEN®
Gliadin sandwich (Art. No. R7001) was obtained from R-Biopharm®. The wheat flour Dona
Benta® was purchased at the local market (Fortaleza, CE, Brazil). The kits for hematological

and biochemical analysis of blood serum were obtained from Labtest Diagndstica S.A. Fetal



44

bovine serum, DMEM medium, trypsin-EDTA, glutamine, penicillin, and streptomycin were
purchased from GIBCO (Invitrogen, Carlsbad, CA, USA). Low-melting point agarose and
agarose were obtained from Invitrogen (Carlsbad, CA, USA). Cytochalasin-B, methyl
methanesulfonate, doxorubicin, ortho-phthalaldehyde (OPA), trypsin from bovine pancreas
(EC 3.4.21.4), and pepsin from porcine gastric mucosa (EC 3.4.23.1) were purchased from

Sigma Aldrich Co. (St. Louis, MO, USA).

2.2 Plant material and protein extraction

M. citrifolia L. fruits were manually harvested at the pale-yellow stage of maturity from
plants located in Fortaleza, Ceara, Brazil (3°44'24.1" S 38°34'36.2"” W). The fruits were washed
with distilled water and stored at 25 °C for 3—4 days until the translucent-greyish stage. The
noni puree was obtained using a sieve to eliminate the peel and seed. Afterward, it was used for
the extraction of proteins, according to Farias (2020). The resulting extract was named noni
puree extract (NPE), and the quantification of total soluble proteins (Bradford, 1976) and
proteolytic activity (Freitas et al., 2007) were determined. NPE was lyophilized and stored at -
20°C until further use. Before each assay, NPE was resuspended in 1 x 10° M L-cysteine
solution. This study was registered in the SisGen - National Management System for Genetic

Heritage and Associated Traditional Knowledge (SisGen - n® A174C2B).

2.3 Hydrolysis of wheat gluten proteins with NPE

The gluten proteins hydrolysis by NPE was conducted using whole wheat flour.
Commercial wheat flour (Dona Benta®) (50 g) was mixed with 28 mL of NPE (0.2 mg/mL -
1.77 U/mL) solubilized in L-cysteine (1 x 10 M) previously incubated at 37 °C. The dough
was kneaded manually for 10 min and remained at rest for 30 min. Then, it was washed

thoroughly in tap water for approximately 30 min to remove the starch. At this stage, the
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formation of the insoluble protein matrix (gluten) was verified visually. Control was carried out
using only wheat flour with distilled water in the same ratio. This test was performed in
triplicate, and the results were presented through the photograph.

The hydrolysis reaction using the gliadins and glutenins extracted from wheat flour was
also conducted. Gluten proteins were obtained from commercial wheat flour (Dona Benta®)
according to Singh et al. (1991). Briefly, 2 g of wheat flour was mixed in 10 mL of 50%
isopropanol and stirred for 30 min at room temperature. Then, the suspension was centrifuged
at 2,500 x g for 15 min at 25 °C. The supernatant was stored and called the 1st gliadin extract.
This process was repeated twice to obtain the 2nd and 3rd gliadin extract. The three gliadins
extracts were combined. Subsequently, the precipitate was resuspended in 50% isopropanol,
0.05 M Tris-HCI pH 7.0, and 1% DTT. The mixture was kept in a water bath at 60 °C for 30
minutes, stirring every 5 or 10 minutes, and centrifuged at 10,000 g for 15 min at 25 °C. The
supernatant was called glutenin extract.

Protein hydrolysis were analyzed using different NPE protein/gliadins or glutenins
concentration ratios, as follows: 1:2000, 1:200, and 1:20 (2 mg/mL gliadins or glutenins; 0.001,
0.01, and 0.1 mg/mL NPE - 0.009, 0.088, and 0.885 U/mL). Hydrolysis with higher
concentration ratios (1:10, 1:7; 1:5, 1:2.5, and 1:1.25) varying the concentration of gliadins (0.2
mg/mL NPE - 1.77 U/mL; 2.0, 1.5, 1.0, 0.5, and 0.25 mg/mL gliadins) were also carried out.
The reactions were carried out at 37 °C for 60 min and then boiled for 10 min to inactivate the
enzymes. Besides, different hydrolysis times of gliadins and glutenins (30, 60, 90, 120, and 150
min) in the ratio of 1:10 were evaluated. All hydrolysates profiles were analyzed using 10%

SDS-PAGE electrophoresis gel (Laemmli, 1970).

2.4 Hydrolysis degree
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Primary amino groups were determined after derivatization with ortho-phthalaldehyde
(OPA), according to Nielsen et al. (2001). Lyophilized extracts of glutenins and gliadins (0.2
mg/mL) were resuspended separately in cysteine solution (1 x 10 M) and boiled for 10 min.
After cooled, NPE (in 1 x 10" M cysteine solution) was added in different concentrations (0.01;
0.02; 0.04 and 0.2 mg/mL of protein; concentration ratios of 1:20, 1:10; 1:5 and 1:1,
respectively) and the reaction occurred at 37 °C. After different time intervals (0, 5, 10, 20, 30,
60, 90, 120, 150, 180, and 240 min), aliquots (600 uL) were removed, boiled for 10 min, and
then centrifuged at 10,000 x g for 15 min. The pellet was discarded, and 3 mL of OPA reagent
was added to 0.4 mL of the supernatants, and after 2 min, the absorbance was measured (A=340
nm). Blanks were prepared with supernatant of hydrolysis at time 0. The hydrolysis degree
(DH) was determined based on a standard curve performed with L-serine (0.07 x 10 — 0.9 x
10 M). DH was calculated according to Merz et al. (2016), using the following formulas: (1)
DH (%) = h / htot X 100, where h is the concentration of free amino groups (mol/L, considering
serine as standard) and ht is the maximum concentration of free amino groups at complete
hydrolysis (mol/L) calculated according to (2) htot (Mol/L) = Cprotein / M* - Mu20, where Cprotein
is the concentration of protein which is hydrolyzed (g/L), M* is the average molecular mass of
the amino acids in wheat gluten (133.5 g/mol) and Mu2o is the molecular mass of water (18

g/mol). All analyses were carried out in triplicates.

2.5 Gliadin content

Gliadin extract (2 mg) was resuspended in 10 mL of cysteine solution (1 x 10° M),
boiled for 10 min, being cooled before mixed with NPE (0.2 mg/mL of protein) in the
concentration ratio of 1:1. The mixture was incubated in a water bath at 37 °C for 0, 1, 2, 3, and

4 h. Afterward, the hydrolysates were boiled to inactivate the enzymes and lyophilized.
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Sample preparation was performed by extracting the gliadin from hydrolysates using
the extraction Cocktail patented (R-Biopharm®) as recommended by the manufacturer. The
gliadin quantitative analysis was conducted in triplicates with the sandwich R5 ELISA
(RIDASCREEN® Gliadin kit). The manufacturers' instructions for proper use were followed.
The data were expressed as a percentage of the gliadin content determined at zero, considered

100%.

2.6 Biochemical fractionation of NPE peptidases and evaluation of their performance in the
hydrolysis of wheat gluten

NPE was subjected to ion-exchange chromatography in the SOURCE 30S matrix (GE
Healthcare). The ion-exchange column was equilibrated with 0.025 M sodium phosphate
buffer, pH 6.0. After equilibration, the NPE (7.2 mg of protein; 8.859 + 0.216 U/mg) was loaded
onto the column. Unbound proteins were eluted from the matrix by washing it with the
equilibration buffer. Bound proteins were eluted with 0.025 M sodium phosphate buffer pH 6.0
containing NaCl (0.2; 0.4; 0.6; 0,8 and 1.0 M). All the eluates were collected in fractions of 2
mL at a flow rate of 60 mL/h and monitored by spectrophotometry (A=280 nm). Fractions were
assayed for peptidase activity using azocasein as a substrate (Freitas et al., 2007), and protein
concentration was determined according to the Bradford method (Bradford, 1976) using BSA
as standard. The protein profile was analyzed using SDS-PAGE (Laemmli, 1970) and
zymogram (Damerval et al., 1986). Subsequently, the fractions that showed proteolytic activity
were dialyzed against distilled water, lyophilized, and stored at -20 °C until further testing.

Chromatographic fractions were resuspended in a cysteine solution (1 x 10 M) and
mixed with gliadin or glutenin (2 mg/mL) extracts separately in the concentration ratio of 1:8,
1:16, and 1:32. The hydrolysis conditions were carried out as previously described in subsection

2.3. After 60 min, the mixture was boiled, and the hydrolysates profiles were evaluated using
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SDS-PAGE (10%). The DH of the fractions was also determined. To this, suspensions of
gliadins and glutenins (0.2 mg/mL) resuspended in a cysteine solution (1 x 10 M) were used,
and the hydrolysis occurred in the fraction/substrate ratio of 1:10. The procedure was conducted

as described in subsection 2.4.

2.7 In vitro digestion assay

In vitro digestibility of NPE proteins was determined according to the method of Sathe
(1993). NPE (1 mg/mL) was suspended in 200 puL of 0.1 M HCI, pH 1.8, for pepsin (from
porcine gastric mucosa, Sigma-Aldrich) or 0.1 M Tris—HCI, pH 8.1 for trypsin (from bovine
pancreas, Sigma-Aldrich) being incubated at 37 °C for 10 min. Then, 40 pL of the enzyme (1
mg/mL) was added, and the reaction medium was set in a water bath at 37 °C for 3 h. Aliquots
of 25 pL were taken from 0O to 4 h with time intervals of 1 h and added to 25 pL of 0.5 M Tris—
HCI buffer, pH 6.8, containing 0.1% SDS. The enzymes were inactivated by heating in boiling
water (98 °C — 10 min). The hydrolysis profile was analyzed by 12.5% SDS-PAGE (Laemmli,

1970).

2.8 In vitro toxicity of NPE

2.8.1 Cell culture conditions

The L929 mouse fibroblasts were obtained from the Rio de Janeiro Cell Bank (Rio de
Janeiro, Brazil). The cells were maintained in DMEM medium supplemented with 10% fetal
bovine serum, glutamine (2 x 10 M), penicillin (100 U/mL), streptomycin (0.1 mg/mL) at

37°C with 5% CO:a.

2.8.2 Cellular viability
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The cell viability was quantified by the ability of cells to reduce the yellow dye 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to a purple formazan
product (Mosmann, 1983). L929 cells were plated in 96-well plates (0.3 x 10° cells/well). After
24 h, NPE (0.01-0.08 mg/mL in 0.05 M sodium phosphate buffer, pH 6.0) was added to each
well, and the cells were incubated for 24 h. After, the medium was replaced by a fresh medium
(150 pL) containing MTT (0.5 mg/mL). Three hours later, the MTT formazan product was
dissolved in 150 uL. of DMSO, and absorbance was measured using a plate reader (Spectra
Count, Packard, Ontario, Canada). The effect of NPE was quantified as the percentage of the
reduced dye at 595 nm taking cell control (PBS) absorbance as 100%. Doxorubicin was used

as positive controls (5 x 10 mg/mL).

2.8.3 Alkaline comet assay

This assay was performed as described by Singh et al. (1988) with minor modifications.
After treatment (6 h) with NPE (0.01-0.6 mg/mL), cells were washed with ice-cold PBS,
trypsinized, and resuspended in a complete medium. Hereafter, 20 pL of cell suspension (~10°
cells/mL) was mixed with 100 uL of 0.75% low melting point agarose and spread onto a slide
precoated with a layer of 1% normal melting point agarose and cooled to 4 °C for 5 min. The
slides were incubated in ice-cold lysis solution (2.5 M NaCl, 0.01 M Tris, 0.1 M EDTA, 1%
Triton X-100 and 10% DMSO, pH 10.0) at 4 °C for 1 h. After lysis, the slides were placed in a
running buffer (0.3 M NaOH and 1 x 10 M EDTA, pH > 13.0) for 20 min and subjected to
electrophoresis run (25 V, 0.3 A). The slides were neutralized and stained with ethidium
bromide and analyzed using a fluorescence microscope. Images of 100 randomly selected cells
(50 cells from each of two replicate slides) were analyzed for each concentration of NPE. Cells
were scored visually and assigned to one of five classes, according to tail size (from

undamaged-0 to maximally damaged-4), and a damage index value was calculated for each
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sample of cells. Damage index ranged from 0 (completely undamaged: 100 cells 0) to 400 (with
maximum damage: 100 cells x 4) (Collins, 2004). Methyl methanesulfonate (MMS) was used

as a positive control (4.4 x 10 mg/mL), and negative control was performed with PBS.

2.8.4 Cytokinesis-block micronucleus (MN) assay

Fibroblasts L929 (0.7 x 10°/mL) were treated with NPE (0.01-0.6 mg/mL) for 24 h, and
they were subsequently washed twice with the medium. Cytochalasin-B (3 x 10 mg/mL) was
added to cultures 20 h later, as Fenech (2000) described. Cells were harvested 72 h after the
treatment starting point, resuspended in 0.075 M KCI, kept at 4 °C for 3 min, and fixed with
cold methanol/acetic acid (3:1) solution. The fixation step was repeated twice, and then the cells
were resuspended in a small volume of methanol/acetic acid and dropped onto clean slides.
Slides were stained with 10% Giemsa (pH 6.8) for 6 min and analyzed under a microscope.
Micronuclei were counted in 2000 binucleated cells (BNC) with well-preserved cytoplasm.
MMS (4.4 x 10°® mg/mL) were used as positive controls, and for the negative control, only PBS

buffer was used.

2.9 In vivo toxicity of NPE

2.9.1 Experimental animals and housing conditions

The present study used albino Swiss mice (Mus musculus) at 8 weeks old (21-29 g) from
both sexes (39 females and 24 males). The animals with sanitary standard SPF (Specific
Pathogen Free) were supplied by the Central Animal House of the Federal University of Ceara
(UFC), Brazil. Male and female mice were housed separately in sterile polysulfone cages with
a HEPA filter cover under controlled laboratory conditions (temperature: 24 £ 1 °C, humidity:

45-65 %, light/dark cycle: 12/12 h) with water (autoclaved) and food ad libitum. All animals
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were treated in compliance with the ethical standards established by the National Guidelines
for the Use of Experimental Animals of Brazil and Directive 2010/63/EU of the European
Parliament and the Council of the European Union. The experiments were performed after
approval of the Committee for the Ethical Use of Animals of the Federal University of Ceara

(CEUA-UFC Proc. N° 21051119-0).

2.9.2 Acute toxicity study

A single oral dose toxicity study in rodents was conducted following OECD guideline
423 (OECD, 2001). Six non-pregnant nulliparous females were randomly divided into three
groups (3 females mice/group), which received vehicle (0.9 % saline; control) or NPE (80 and
160 mg/kg) once by oral route. After administration, all animals were observed every hour for
6 h on the first day and then once daily for 14 days. Body weights were registered once a week
after administration of NPE. Mortality (if any) and abnormity were also recorded. At the end
of the study, the animals were euthanized by xylazine (30 mg/kg) and ketamine (300 mg/kg)
overdose, dissected, and the organs (heart, lung, kidney, spleen, pancreas, small intestine,

stomach, and liver) were excised, weighed and visually inspected.

2.9.3 Repeated dose 28-day oral toxicity study

This study was conducted following a standardized protocol set by the OECD guideline
407 (OECD, 2008). Forty-eight mice were divided into four groups, six males and six females
in each group. Male and female mice in each group were housed separately and treated orally
(gavage) once daily with NPE for 28 days. Grouping was as follows: Group 1 — Control (0.9 %
saline); Group 2 — dose of 5 mg/kg NPE; Group 3 — dose of 10 mg/kg NPE and Group 4 — dose
of 20 mg/kg NPE. The signs of toxicity, behavioral changes, food consumption, and mortality

were closely monitored during the treatment. Motor activity, grooming, touch response, pain
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response, tremors, convulsion, righting reflex, writhing, urination, salivation, and skin color

were also evaluated throughout the study.

2.9.4 Hematology and serum biochemistry

On the 29" day of the experiment, blood sampling was performed by the cardiac
puncture method from all animals under xylazine (10 mg/kg) and ketamine (90 mg/kg)
anesthesia. Blood samples were collected into tubes containing EDTA (2.3 mg/mL) for the
hematology assessment. The following hematological parameters were analyzed with the fully
automated hematology analyzer SDH-3 VET (Labtest Diagndstica S.A., Brazil): hematocrit
(HCT) red blood cell (RBC), white blood cell (WBC), lymphocytes (LYM), granulocytes
(GRA), hemoglobin (HGB), mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular volume (MCV), red cell distribution
width (RDW), plateletcrit (PCT), platelet (PLT), mean platelet volume (MPV) and platelet
distribution width (PDW)

Serum biochemistry was analyzed using the appropriate kits (Labtest Diagnostica S.A.,
Brazil) to determine glucose, cholesterol, total protein, albumin, uric acid, urea, creatinine,
alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase

(AST) following the manufacturer’s instructions.

2.9.5 Macroscopy and histopathology

At the end of the experiment, all animals were weighed, euthanized by exsanguination,
and underwent complete gross necropsy. The organs (heart, lung, kidney, spleen, pancreas,
small intestine, stomach, thymus, and liver) were collected and weighed. Organ-to-body weight
ratios (relative organ weight) were calculated as (organ/body weight) x 100. Organs from each

animal were fixed in 10% buffered formalin (sodium phosphate pH 7.0), embedded in paraffin,
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sectioned, stained with hematoxylin and eosin. Histopathological examinations were conducted
randomly and blindly under a light microscope. Only the results for the high-dose and control

groups were presented.

2.10 Statistical analysis

All statistical analysis was performed using GraphPad Prism software v.9.0 (GraphPad
Software Inc., San Diego, CA). Means were compared using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Results with P values of less than 0.05 were

considered statistically significant.

3. Results and discussion

3.1 Hydrolysis of wheat gluten by NPE

Plant peptidases have been used in worldwide processes for a long time, even before the
nature and properties of these enzymes were known. Peptidases such as papain, bromelain, and
ficin are versatile and used in various fields, including milk coagulation, brewing, and meat
tenderization (Tavano et al., 2018). Previously, noni (Morinda citrifolia L.) puree showed high
proteolytic activity (8.859 + 0.216 U/mg) with the presence of cysteine peptidases that proved
to be important in the coagulation of casein for cheese production (Farias et al., 2020).
However, noni as a source of promising peptidases has yet to be explored regarding its
biotechnological potential.

Wheat flour hydrolysis was conducted as a preliminary test to understand noni
peptidases’ potential in modifying other food proteins. One way to visualize the formation of
the wheat gluten network is by kneading the dough obtained after mixing the wheat flour with

water. During this process, there is an interaction between gliadins and glutenins through inter-
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and intra-chain disulfide bridges and cross-linked covalent bonds forming a network (Wiser,
2007).

Figure 1 (A-C) shows that the mixture of wheat flour with distilled water formed dough
with firm consistency due to the previously described interactions between intact gliadins and
glutenins. On the contrary, in the presence of NPE (0.2 mg/mL - 1.77 U/mL), the dough
presented a pasty consistency, and after washing, it was not possible to extract the insoluble
gluten network,indicating that the interaction of gluten proteins was impaired, probably due to
the hydrolysis of these proteins (Fig. 1D-F). To prove this hypothesis, gliadins and glutenins

were extracted separately, and their breakdown by NPE was monitored.

Wheat flour +
water

Wheat flour +
NPE 0.2 mg/mL

Fig. 1. Comparison between the visual aspects of dough and gluten obtained from the mixture
of wheat flour with distilled water or NPE aqueous solution (0.2 mg/mL) in the presence of L-
cysteine (1 x 10 M). (A) Dough obtained from wheat flour and distilled water after 30 min,
(B) gluten after washing with tap water the dough to remove the starch, and (C) wheat gluten
with preserved viscoelastic properties. (D) Dough obtained from wheat flour and NPE after 30
min and (E-F) gluten obtained from wheat flour and NPE after washing. The dough was

prepared in the ratio of 50 g/ 28 mL.
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SDS-PAGE analysis of the hydrolyzates confirmed that NPE could hydrolyze both
gliadins and glutenins (Fig. 2). Hydrolysis occurred with the gliadin and glutenin extract with
different concentrations of NPE proteins (0.001, 0.01, and 0.1 mg/mL) in the concentration
ratios of 1:2000, 1:200, and 1:20 (NPE:gliadin or glutenin) for 90 min. The hydrolysis rate
depended on the NPE protein/substrate ratio and occurred to a greater extent with the ratio 1:20
(0.44 U/mg of gliadin or glutenin) for both gliadins and glutenins. At all the concentrations
tested, NPE decreased the number and density of the glutenin protein bands.

The influence of hydrolysis time was also assessed in this study (Fig. 3). It was observed
that there was no apparent difference in the intensity of the gliadin and glutenin bands after 30
min of reaction with NPE (0.1 mg/mL - 0.88 U/mL). In this case, time after 30 min seems not
to have been a determining factor in increasing the hydrolysis rate. Even after 150 min of
incubation, many gliadin bands were still visualized. For this reason, a new condition was tested
in which the gliadin concentration was varied (Fig. 4). It was observed that as the ratio between
NPE and gliadin increased, the intensity of the gliadin bands was drastically decreased. When
the 1:10 ratio was used, there was a remarkable decrease in the number of bands compared to
the 1:20 ratio. At the 1:2.5 ratio, an almost complete reduction of gliadin bands was observed,
indicating that NPE could hydrolyze the different types of gliadins. It is noteworthy that the
proteolytic activity of NPE is not inhibited by alcohols, isopropanol, and ethanol (data not
shown). This factor may be of interest to the industry as it may enable its use in the degradation
of gluten in the manufacture of gluten-free beers.

The potential of NPE in the hydrolysis of the two gluten fractions is remarkable because
immunogenic peptides in celiac disease have been described in a-, -, y-gliadins, and glutenins
(LMW-GS and HMW-GS) from wheat and also in other gluten-containing grains such as barley

(hordein) and rye (secaline). Gastrointestinal enzymes such as pepsin, chymotrypsin, and
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trypsin are unable to cleave at peptide bonds adjacent to the proline and glutamine residues,
resulting in large peptides with more than nine amino acid residues (Scherf et al., 2018).
Gliadins and glutenins also constitute the group of wheat allergens along with a-amylase
inhibitors, LTP, B-amylase, among others (WHO/IUIS Allergen Nomenclature Sub-
Committee). Therefore, the hydrolysis of these proteins opens the prospect of developing
gluten-free products.

Plant peptidases have been promising in the hydrolysis of gluten, such as caricain
(Carica papaya), EP-B2 (Hordeum vulgare), actinidin (Actinidia delicious), papain (Carica
papaya), and triticain-o (Triticum). For noni fruits, this is the first report addressing their ability
to hydrolyze gluten proteins. The use of NPE as a food ingredient is interesting, considering the

low cost and ease of obtaining it.
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Fig. 2. SDS-PAGE (10%) of (A) gliadins and (B) glutenins after hydrolysis with different
concentrations ratios of NPE for 90 min at 37 °C. HMW-GS, high-molecular-weight glutenin
subunits. LMW-GS, low-molecular-weight glutenin subunits. C, control (intact gliadins or

glutenins)
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Fig. 3. SDS-PAGE (10%) of (A) gliadins and (B) glutenins after hydrolysis with NPE (0.1

mg/mL) in the concentration ratio of 1:20 at different incubation times at 37 °C.
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Fig. 4. SDS-PAGE (10%) of gliadins (8 ug) hydrolyzed by NPE for 60 min at 37 °C. Gliadin
concentration varied in order to obtain the concentration ratios 1:10, 1:7, 1:5, 1:2.5 and 1:1.25

(NPE protein:gliadin). NPE concentration: 0.2 mg/mL. C, control (intact gliadin).

3.2 Effect of NPE protein/substrate ratio on the degree of hydrolysis of gluten proteins

Hydrolysis results of the NPE peptidases on gluten proteins are shown in Fig. 5. In this
study, we decided to use a low concentration of gluten proteins since gliadins and glutenins

have low water solubility and generally in higher concentrations form aggregates that could
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hinder the access of enzymes during hydrolysis. The variation of DH was dependent on the
NPE protein/substrate ratio. Treatment of gliadin (Fig. 5A) with NPE resulted in DH of 14.39%
(x0.84) and was reached after hydrolysis for 240 min with a ratio of 1:20 (0.44 U/mg of gliadin).
The increase of ratio to 1:10 (0.88 U/mg of gliadin) did not induce an increase in DH (p<0.05),
whereas, with the rise in the ratio to 1:5 (1.77 U/mg of gliadin) and 1:1 (8.85 U/mg of gliadin),
there was an increase in DH (p<0.05) to 16.52% (+ 0.41) and 24.40% (£ 0.09), respectively.
This result agrees with what was observed in the electrophoretic analyses (Fig. 3 and 4), in
which the increase in the NPE: gliadin ratio increased the hydrolysis rate, as evidenced by the
apparent decrease in the intensity of protein bands. The treatment with NPE showed
performance similar to that observed for other enzymes, such as alcalase and actinidin, that
could promote DH of 12.4% and 22% after 2 h in gliadins (Villemin et al., 2020; Jayawardana
etal., 2021).

Increasing NPE concentration also resulted in an increased glutenin hydrolysis rate.
(Fig. 5B). After hydrolysis for 240 min, the curves of DH with ratios of 1:20 and 1:10 were
similar (p<0.05), 10.16 £ 0.22% and 10.89 + 0.07%, respectively. With the increase of the ratio
to 1:5and 1:1, the DH increased (p<0.05) to 13.27% (£ 0.14) and 31.78% (+ 1.28), respectively.
Data in the literature show that hydrolysis of glutenins by other purified enzymes such as
Flavourzyme (Aspergillus oryzae), Alcalase® (Bacillus licheniformis), Savinase 16.0L
(Bacillus sp.), and subtilisin (Bacillus licheniformis) after 4 h resulted in DH of approximately
5%, 3%, 23%, and 25%, respectively (Bozkurt et al., 2021). It is noteworthy that NPE is a pool
of proteins, including cysteine peptidases and that the proportions used in this work considered
the concentration of soluble NPE proteins. NPE performed similarly and, in some cases,
superior to those purified enzymes. These findings reinforce the potential of NPE as a food

ingredient for gluten hydrolysis since NPE was able to hydrolyze both gliadins and glutenins.
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Fig. 5. Degree of hydrolysis of gluten proteins by NPE after incubation at different times (O -
240 min) at 37 °C. (A) Gliadins and (B) glutenins. Different concentration ratios were used
between NPE proteins and gluten proteins (NPE protein: gliadin or glutenin). Different letters

indicate a significant difference between the different ratios at 240 min (p<0.05, Tukey’s test).

3.2 Gliadin content after hydrolysis by NPE
Gliadin is a significant wheat allergen, and the determination of their concentration in
food is used as an indicator to assess the efficiency in reducing allergens by enzymatic

treatment. Enzymatic hydrolysis is an efficient method to reduce food protein antigenicity.
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Several studies have been conducted to use it in gluten detoxification before or after ingesting
gluten-containing foods (Li et al., 2016).

The enzyme immunoassay based on the Mendez R5 monoclonal antibody is a kit
approved by the Association of Official Analytical Chemists (AOAC International) for
measuring gluten concentrations in food. These antibodies recognize small epitopes, QQPFP,
LQPFP, QLPYP, QLPTP, QQSFP, QQTFP, PQPFP, QQPYP, and PQPFP, which repeatedly
occur in prolamins and are potentially toxic to celiacs (Fucifios et al., 2019).

The influence of the NPE and the DH on the total content of gliadin in hydrolysates is
illustrated in Fig. 6. The initial gliadin concentration was determined based on the recognition
of gliadins from non-hydrolyzed samples (control) and was drastically decreased with the
increase in DH by NPE. The gliadin content was halved with a DH of approximately 13%, and

it was reduced (p<0.05) almost wholly (96.80 + 0.10%) with a DH of 24.4% (ratio 1:1, 4 h).
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Fig. 6. Residual gliadin content according to the degree of hydrolysis by NPE (0.2 mg/mL) at

aratio of 1:1 (NPE protein: gliadin), at different times at 37 °C.

Other plant cysteine peptidases obtained from Carica papaya, Actinidia deliciosa, and
Triticum aestivum have also shown the potential to decrease gliadin content. Caricain, when

incorporated into bread dough (0.3 mg/g flour), reduced 97.5% of gliadin content after 5 h of
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incubation (Buddrick et al., 2015), and papain (254.30 U/g flour) showed a decrease in gliadin
content of 94% after hydrolysis of wheat flour for 1 h (Li et al., 2016). Mass spectrometry
analysis revealed that actinidin (Jayawardana et al., 2021) and triticain-a (Savvateeva et al.,
2015) could cleave at several sites of the 33-mer peptide from a-gliadin, which is recognized
as one of the most immunogenic peptides in gluten proteins. Overall, these results suggest that

cysteine peptidases present in noni puree can decrease the immunogenicity of wheat gluten.

3.4 Detection of different peptidases of NPE involved in the hydrolysis of wheat gluten

Previously it was observed that the proteolytic activity of NPE was completely inhibited
in the presence of E-64 and iodoacetamide, cysteine peptidase inhibitors (Farias et al., 2020).
However, the presence of different NPE peptidases was not accessed in that investigation. Thus,
in the present study, we fractionated NPE through a cation exchange chromatography to
determine whether its proteolytic activity is related to one or different types of peptidases
belonging to the same class.

Column elution profile of NPE presented a non-retained protein peak (P1) and a single
retained protein peak (P2), eluted with 0.2 M NaCl. Both peaks showed proteolytic activity,
with P2 displaying the highest proteolytic activity (1.55 + 0.09 U/mL; 5,96 + 0.34 U/mg)
compared to P1 (0.38 + 0.02 U/mL; 3.75 + 0.16 U/mg) (Fig. 7A). Protein fractions with
proteolytic activity at each peak were pooled for further studies. SDS-PAGE analysis showed
similar protein patterns between P1 and P2. However, the zymography analysis showed two

different peptidases with different molecular weights (Fig. 7 B — C).
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Fig. 7. Biochemical fractionation of NPE peptidases. (A) Chromatographic profile of NPE on

a Source 30S column. NPE (3 mL; 7.2 mg; 18.22 £ 1.56 U/mL; 7.59 £ 0.65 U/mg) was loaded
onto a column previously equilibrated with 0.025 M sodium phosphate buffer (pH 6.0). The
unretained proteins (P1) were eluted with the same equilibration buffer, and the retained
proteins (P2) were eluted with 0.2 M NaCl prepared in 0.025 M sodium phosphate buffer (pH
6.0). Fractions of 2 mL were collected at a 60 mL/h flow rate. (B) SDS-PAGE (12.5%) (15 ug
in each well) and (C) zymogram (10% acrylamide + 0,1% gelatine) of the peaks obtained in

ion-exchange chromatography (5.4 pg in each well).

Peaks from ion-exchange chromatography (P1 and P2) were separately investigated in
terms of the hydrolytic capacity of gliadins and glutenins. The hydrolysis of soluble gliadin and

glutenins with NPE, P1, and P2 is shown in Fig. 8. Electrophoretic patterns indicated hydrolysis
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of gliadins and glutenins with both P1 and P2. Gliadin hydrolysis was more extensive by P2
(Fig. 8A). On the contrary, P1 showed a more apparent decrease in glutenin bands than P2 (Fig.
8B).

DH was determined after hydrolysis of a suspension of gliadins or glutenins with NPE,
P1, and P2 in the ratio of 1:10. Both P1 and P2 achieved a similar (p<0.05) extent of gliadin
hydrolysis after 60 min with a DH of 9.31% (£ 0.80) and 9.25% (£ 0.37), respectively, versus
DH 7% (+ 0.18) of NPE (Fig 9A).

The result of glutenin hydrolysis was similar to that observed in SDS-PAGE analysis
(Fig. 8B). After 60 min P1 had the highest (p<0.05) DH (10.68 + 0.04 %), while P2 and NPE
reached a DH of 8.55% (£ 0.39) and 4.74% (% 0.04), respectively (Fig. 9B). Although P2 had
a higher proteolytic activity, glutenins were more extensively hydrolyzed by P1. This indicates
that although P1 and P2 peptidases have been able to hydrolyze gliadins and glutenins, they
have different specificities.

In the first test (SDS-PAGE), glutenins are soluble in the extraction solution, in which
the reducing agent DTT is present. Although the electrophoretic pattern has shown that NPE,
P1, and P2 decreased significantly more the intensity of glutenin bands than gliadins, data on
the degree of hydrolysis point to a similar extent of hydrolysis between gliadin and glutenin.
This is probably because glutenins form protein aggregates linked by interchain disulfide bonds.
After reducing the disulfide bonds, the glutenin subunits present a solubility in aqueous
alcohols, which possibly facilitated the access of the NPE peptidases and allowed more
extensive hydrolysis (Wieser, 2007).

NPE showed two groups of peptidases with varying specificity but capable of
hydrolyzing both gliadins and glutenins. The use of combined peptidases, a concept recently

called combi-enzymes, may be an advantage for some applications, as the diversity of
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selectivity and specificity allows the generation of a more significant amount of peptides and

smaller sizes (Tacias-Pascacio et al., 2020).
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Fig. 8. SDS-PAGE (10%) of gluten proteins after hydrolysis by NPE. (A) Gliadins (8 pug) and

(B) glutenins (8 pg) after hydrolysis for 60 min at 37 °C with NPE, P1, and P2 (peaks unretained
and retained obtained in ion-exchange chromatography Source 30S, respectively). C, control

(only gliadin or glutenin - 2 mg/mL).
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Fig. 9. Degree of hydrolysis of gluten proteins by proteolytic fractions of NPE. (A) Gliadins (2
mg/mL) and (B) glutenins (2 mg/mL) with 0.2 mg/mL NPE, peak non-retained (P1) and peak
retained (P2) (ratio 1:10; NPE protein:gliadin or glutenin) after incubation at different times (0
- 60 min) at 37 °C. Different letters indicate a significant difference between NPE, P1, and P2

at 240 min (p<0.05, Tukey’s test).

3.5 In vitro digestion assay
The present study proposes the use of NPE as a food ingredient. Therefore, an essential
piece of data to be analyzed is to verify whether NPE proteins are susceptible to human

gastrointestinal enzymes. The simulated digestibility assay was performed by incubating NPE
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with pepsin and trypsin at acidic or weakly alkaline pH, respectively, for 3 h. The activity of
both enzymes was confirmed by their ability to hydrolyze bovine serum albumin (BSA). NPE
proteins were almost entirely digested by pepsin and trypsin in the analyzed time interval, as
can be seen in Fig. 10. This data represents evidence that NPE proteins may be present in foods

to be consumed.
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Fig. 10. SDS-PAGE (12.5%) profile of the in vitro digestibility of NPE (15 pg) by pepsin and
trypsin after 3 h. BSA (10 ug) was used as a control. Protein bands were stained with

Coomassie Brilliant Blue R-250. M, standard protein markers.

3.6 In vitro toxicity of NPE

The investigation of the influence of NPE on the cell metabolism of murine fibroblasts
was carried out after 24 h of incubation. NPE did not show cytotoxicity at concentrations below
0.05 mg/mL. However, at higher concentrations, a decrease (p<0.05) of 29.11% (+ 11.44) of
cell viability of murine fibroblasts (L929) (Fig. 11A) was observed. As expected, the
chemotherapeutic agent doxorubicin, used as a positive control, induced cytotoxicity in cultured
fibroblasts, decreasing cell viability by 100% (£ 0.03). Interestingly, it was observed that in
wells with NPE concentration above 0.05 mg/mL, the cells presented a spherical structure

different from the elongated structure typical of fibroblasts (data not shown). This commonly
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occurs when these cells are detached from the substrate. NPE is rich in peptidases, and proteins
from this group are routinely used in enzymatic dissociations of cell cultures to break the
extracellular matrix and, thus, obtain individualized cells to transfer the cultures to a new
substrate. The most used nonspecific proteolytic enzyme for this purpose is trypsin (Patil et al.,
2020). Thus, NPE may have hydrolyzed extracellular matrix proteins of fibroblasts, preventing
these cells from attaching to the substrate. Since the fibroblasts were in suspension, they were
discarded together with the supernatant during the replacement of the culture medium. To
confirm this hypothesis, the fibroblasts exposed to NPE were washed with PBS, and then the
MTT assay was performed again.

Fig. 11B shows that the supernatant from the wells containing 0.04-0.08 mg/mL NPE
had more cells. It is noteworthy that although NPE cleaved proteins from the extracellular
matrix of fibroblasts, there was no cell lysis even after contact for 24 hours. The decrease in
cell viability (Fig. 11A) was due to fewer cells present in the well than the negative control
(PBS). As mentioned earlier, NPE-treated cells did not attach to the bottom of the well and were
discarded during culture medium replacement. Another study showed that noni fruit purees

were not toxic against HepG2 cells at 0.15 mg/mL (West et al., 2009).
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Fig. 11. (A) Effect of NPE on the cell viability of murine fibroblasts (L929) through the
absorbance of the formazan compound (MTT assay). (B) Absorbance of supernatant from
murine fibroblast culture after 24 h incubation with 0.01-0.08 mg/mL NPE (MTT assay).
Negative control was treated with PBS and was considered to be 100% of cell viability. Positive
control was treated with 5 x 10" mg/mL doxorubicin (DXR). Asterisks indicate a difference (p
<0.05) to the negative control (Tukey test). Hashtags indicate a difference (p <0.05) when
compared to the positive control (Tukey test).

The study on the effect of NPE on DNA damage was carried out through the comet and
micronucleus tests. While the comet test can detect repairable single- and double-stranded DNA
breaks, the micronucleus test allows for the quantification of additional nuclei formed from
chromosomes or chromosome fragments separated from the central nucleus during mitosis

(Wolff et al., 2019). Mutations during cell division can result in several genetic diseases as they
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may be involved in oncogenesis processes, suppression, or defective gene production (Fenech,
2000). NPE (0.01-0.6 mg/mL) could not induce DNA strand breaks (Fig. 12A) and
micronucleus formation (Fig. 12B) after 24 h of treatment, similar (p<0.05) to the control group.
However, the alkylating agent methyl methanesulfonate (MMS) exhibited severe DNA damage
(Fig. 12A) and produced significant chromosomal alterations (Fig. 12B) in murine fibroblasts.

Thus, given the data presented, NPE is unlikely to cause any genotoxic effects.
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Fig. 12. Effect of NPE on the (A) DNA damage index and the (B) frequency of micronucleated
cells in murine fibroblast (L929) after exposure for 24 h. Negative control was treated with
PBS, and 4.4 x 10 mg/mL MMS (methyl methanesulfonate) was used as a positive control.
Asterisks indicate a difference (p <0.05) compared to the negative control (Tukey test).
Hashtags show a difference (p <0.05) concerning the positive control (Tukey test). MN,
micronucleus; BNC, binucleated cells.

3.7 In vivo toxicity of NPE
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In vitro toxicity studies alone cannot be used as conclusive evidence that an agent is
non-toxic. For this reason, the present study also evaluates the possible toxic effects of NPE by
single or repeated doses administration in mice.

The doses of NPE (mg/kg) utilized in this study were determined based on the amount
of NPE used for artisanal cheese production, as described by Farias et al., 2020. Cheeses made
using NPE as a coagulant followed the proportion of 150 mg of NPE for each kilogram of
cheese. If a 60 kg adult consumed one kilogram of cheese per day, the dose of NPE ingested
would be 2.5 mg/kg. Based on these data and aiming at applying NPE for the production of
other foods, we decided to test higher doses.

The acute toxicity study was conducted to assess the toxic effects after single or short-
term exposure to NPE. The animals were monitored for 14 consecutive days after dosing once
with NPE (80 or 160 mg/kg). After the observation period, none of the mice showed any toxic
signs or died. No significant changes (p < 0.05) were observed in all groups over 14 days
concerning the mass body gain. All the animals' feed intake (g/day/animal) was similar (p >
0.05) between the control and the treated groups (data not shown). The general appearance,
posture, gait, behavior, and other observational parameters were normal during the study. The
macroscopy did not demonstrate any visible changes in the organs of the mice treated once with
NPE (80 or 160 mg/kg).

In the repeated dose 28-day toxicity study, it is possible to assess the safety of a
substance in an organism after continuous exposure over a period of time. The use of NPE as a
food ingredient predicts its continued consumption, even daily, which makes this test essential.
During the study, no deaths and no clinical changes were observed in the control and NPE (5,
10, or 20 mg/kg/day) treated groups. At the end of 28 days, the variations observed in body
weights were also similar (p > 0.05) between the control and NPE (5, 10, or 20 mg/kg/day)

treated groups.
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The measurement of body weight is considered a sensitive index for evaluating the
chemical toxicity of compounds. Feed intake (g/day/animal) of male animals was lower (p <
0.05) in the groups administered with 5 or 20 mg/kg/day of NPE (3.30 £ 0.26 g and 3.09 £ 0.17
g, respectively) compared to the control group (3.74 + 0.07 g). In females, only the 10
mg/kg/day NPE group had significantly lower feed intake (p < 0.05) compared to the control
group (2.62 +0.23 gand 3.11 + 0.11 g, respectively). Based on the results obtained, it could be
observed that there was no correlation between feed intake and mass body gain between the
control and NPE-treated groups.

The hematological and biochemical parameters are essential aspects to be analyzed in
assessing toxicity. These are efficient indicators of damage from organ dysfunction and have a
high predictive value for toxicity in humans. (Wolff et al., 2019). Data obtained from
hematology and serum biochemical analyses are presented in Tables 1 and 2, respectively. In
hematology analysis, males demonstrated a decrease (p<0.05) in differential LYM in the 20
mg/kg/day NPE group and in the differential PCT in the 5 and 10 mg/kg/day NPE compared to
the control group. A significant increase (p<0.05) in differential GRA was also observed in the
20 mg/kg/day NPE group, in GRA count in the 5 mg/kg/day NPE group, and in MCHC in the
5 and 10 mg/kg/day NPE group, compared to the control group. In females, a significant
increase (p<0.05) in differential GRA and a significant decrease (p<0.05) in differential LYM
and PLT were observed only in the 10 mg/kg/day NPE group. In the 20 mg/kg/day NPE group,
there was a significant decrease in PDW compared to the control group. As observed for the
results obtained for feed intake and body mass variation of mice, there was no correlation
between the doses of NPE administered and the hematological alterations reported.

In serum biochemistry analysis, males showed a significant increase (p<0.05) in the
levels of glucose, cholesterol, and AST, and a significant decrease (p<0.05) in the creatinine

level at the dose of 5 mg/kg/day of NPE compared to the control group. In the 10 mg/kg/day
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NPE group, there was a significant decrease (p<0.05) in the uric acid level compared to the
control group.

Females also showed significant alterations in groups treated with 5 and 10 mg/kg/day
of NPE. An increase (p<0.05) was observed in albumin, uric acid, and urea in the 10 mg/kg/day
NPE group. There was also a significant increase in the 5 mg/kg/day and 10 mg/kg/day NPE
groups regarding the creatinine level. A significant decrease (p<0.05) in ALT level was
observed in the 10 mg/kg/day NPE group compared to the control group. Compared to the
control, no change in biochemical parameters was shown by males and females of the higher
dose groups (20 mg/kg/day NPE). Differences in biochemical parameters were not associated

with the administration of NPE since there was no dose-dependent relationship.

Table 1. Hematology results of mice orally treated with NPE (5, 10, and 20 mg/kg/day) for 28

days.
Control NPE (mg/kg)
5 10 20
Male
WBC (10%L) 2.72+0.70 2.69+0.55 2.86 £ 0.07 3.03+0.31
LYM (10%L) 243 +£0.56 2.31+£0.49 1.79+054 243+0.18
GRA (10%L) 0.20 £ 0.09 0.50 + 0.18* 0.31+0.06 0.33+0.06
LYM (%) 90.76 £ 2.59 86.20 + 6.50 86.88 + 4.24 79.46 + 6.60*
GRA (%) 6.83 + 1.03 10.10 +2.23 9.53 £2.97 17.58 + 6.65*
RBC (10%%/L) 7.91+0.61 8.02+0.64 7.32+0.27 8.12+0.74
HGB (g/dl) 11.98 £0.85 12.71 £ 0.87 11.80+£0.20 12.16 + 1.13
HCT (%) 41.30 £ 3.49 40.28 £ 2.36 37.36 £1.77 40.85+3.72
MCV (fl) 52.20 + 1.64 50.33+2.25 50.60 + 1.52 50.33 +1.03
MCH (pg) 15.16 + 0.68 15.88 £ 0.99 15.84 +0.84 14.96 + 0.40
MCHC (g/dl) 29.04 +1.19 31.60 £ 1.48* 31.26 + 1.24* 29.73 +0.37
RDW (%) 15.00 £ 0.95 14.26 + 0.47 15.02 + 0.94 14.51 +0.43
PLT (10°L) 1,162.00 + 451.80 928.40 £57.39 1,199.66 + 180.14 1,258.40 + 227.53
PCT (%) 0.98+0.31 0.58 + 0.05* 0.56 +0.11* 0.74 £ 0.09
MPV (fl) 5.80+0.51 5.96 + 0.35 5.82 +0.44 5.66 + 1.04
PDWec (%) 30.72+£ 241 30.93+£0.97 30.34+1.44 30.00 £ 4.35
Female

WBC (10%/L) 3.63+0.85 3.14+0.091 2.84 £0.43 3.53+0.79
LYM (10°L) 3.21+0.66 2.78 +0.61 218 +0.21* 3.14+0.69
GRA (10%L) 04+0.12 0.35+0.05 0.55+0.27 0.28 + 0.06



82.06 +10.30
20.66 * 4.48*
7.69 +1.27
11.92 +2.24
38.85 + 6.46
50.60 + 0.55
15.36 + 0.42
30.40 + 0.86
14.02 + 0.61

717.66 = 213.88*

0.35+0.13*
5.46 +0.15

LYM (%) 88.96 + 4.96 82.88 +8.53
GRA (%) 9.40 +2.08 13.53 +4.96
RBC (10%/L) 8.13+1.07 7.87+0.71
HGB (g/dl) 12.68 +1.24 12.41 + 1.13
HCT (%) 41.86 + 4.64 40.36 + 3.39
MCV (fl) 51.60 +2.70 51.33 + 1.97
MCH (pg) 15.66 + 0.63 15.76 + 0.64
MCHC (g/dI) 30.34 +1.39 30.76 £ 0.65
RDWc (%) 15.72 + 0.44 15.40 + 0.49
PLT (10°/L) 1,156.25 + 247.18  1,153.25 + 226.95
PCT (%) 0.72+0.15 0.63+0.11
MPV (fl) 6.08 + 0.57 5.53 +0.24
PDW (%) 32.36 £2.10 29.93 + 1.94

30.24 £ 0.95
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88.74 £ 2.17
8.12+1.79
8.19+0.62
12.72+0.79
43.62 + 2.46
53.20 + 2.59
15.54 + 0.47
29.14+1.14
15.68 + 1.94

1,401.00 + 366.25

0.94 +0.23
5.82+0.59

27.90 + 2.95*

Data are expressed as mean + SD. n=6/sex/group.

Asterisk indicates values that were different (p <0.05) from the respective control (saline 0.9%).

WBC, white blood cells; LYM, lymphocytes; GRA, granulocytes; RBC, red blood cells; HGB,

hemoglobin; HCT, hematocrit; MCV, mean cell volume; MCH, mean cell hemoglobin; MCHC,

mean corpuscular hemoglobin concentration; RDW, red cell distribution width; PLT, platelet;

PCT, plateletcrit; MPV, mean platelet volume; PDW, platelet distribution width.

Table 2. Serum biochemistry results of mice orally treated with NPE (5, 10, and 20 mg/kg/day)

for 28 days.
Control NPE (mg/kg)
5 10 20
Male
Glucose (mg/dL) 163.49 + 31.62 246.16 +51.60* 24508 £30.12*  225.00 + 39.95
Cholesterol 118.19 + 21.48 164.77 % 29.19* 14372959 13613+ 26.74
(mg/dL)
Total protein (g/dL) 4.70 £ 0.55 4.96 +0.29 4.34 +0.07 4.56 + 0.87
Albumin (g/dL) 1.74£0.33 1.63£0.10 1.69 +0.09 1.46 +0.30
Uric acid (mg/dL) 215+ 0.39 2.36+0.22 152 + 0.33* 2.01+0.03
Urea (mg/dL) 58.97 + 4.55 48.97 + 6.85 53.53 + 7.18 55.44 + 8.74
Creatinine (mg/dL) 0.36 £ 0.08 0.16 £ 0.07* 0.42 £ 0.07 0.35+0.06
ALP (U/L) 49.75 + 8.81 54.36 +2.11 47.22 + 6.45 52.75 + 5.89
ALT (UIL) 42.03 + 8.57 52.88 + 6.29 4378 +7.41 53.57 + 12.13
AST (U/L) 90.58 + 18.97 131.30 % 14.07* 67.63%11.79 69.21 % 15.20
Female

Glucose (mg/dL) 230.11 + 47.49 212.36 + 39.85 193.75+30.51  197.73+31.63
Cholesterol 113.61 + 12.65 103.27 + 18.89 116.68+17.58  100.50 + 17.95
(mg/dL)
Total protein (g/dL) 4.00+0.60 4.56 +0.08 4.71+0.53 3.98+0.43
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Albumin (g/dL) 1.49+0.26 1.74 £ 0.08 1.78 £ 0.14* 1.37+0.16
Uric acid (mg/dL) 1.69 £ 0.32 1.40+£0.25 2.58 £ 0.19* 1.45+0.11
Urea (mg/dL) 4447 £ 4.61 52.28 + 4.80 57.94 + 4.86* 52.35+9.68
Creatinine (mg/dL) 0.39+0.08 0.52 + 0.09* 0.55 + 0.05* 0.36 + 0.06
ALP (U/L) 44.22 +£7.90 55.28 +9.22 54.59 +9.93 52.86+7.43
ALT (U/L) 53.57 +7.33 52.54 +9.29 37.91 + 5.94* 42,75+ 8.31
AST (U/L) 72.46 +9.71 74.78 £ 19.27 81.29 + 14.66 64.10 + 3.94

Data are expressed as mean + SD. n=6/sex/group.

Asterisk indicates values that were different (p <0.05) from the respective control (saline
0.9%).

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate

aminotransferase.

The macroscopy revealed no sign of swelling, atrophy, or hypertrophy in the organs of
mice. As presented in Table 3, the relative organ weights were significantly (p < 0.05) different
for small intestine and thymus in males and lungs in females, only in the 20 mg/kg/day NPE
group, compared to the control group. Other significant differences observed in the 5 or 10
mg/kg/day NPE groups were not associated with the administration of NPE since there was no
dose-response relationship. It is essential to mention that, although changes in the relative
weight of organs provide a valuable sign that may indicate target organ hypertrophy or necrosis
(Teo et al., 2002), these data should be evaluated in an integrated manner with
anatomopathological, biochemical, and histopathological findings.

In general, male and female mice treated with 20 mg/kg/day NPE for 28 days showed
no histopathological lesions in the examined organs. The liver and kidney are the two most
essential organs in metabolism and excretion. No morphological alterations occurred in the
kidney of both male and female mice groups treated with 20 mg/kg/day NPE. This data agrees
with those serum levels of urea and creatinine, which presented no differences (p<0.05)

compared to the control. Increasing urea levels indicate tissue injuries, such as renal
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parenchymal and calculi, whereas elevated creatinine levels suggest impaired glomerular
filtration (Christapher et al., 2017).

The liver of animals from control and 20 mg/kg/day NPE groups showed centrilobular
vein congestion and hepatocytes with mild cell swelling. Serum levels of ALT, AST, and ALP
of the analyzed groups agree with healthy animals from other reported data (Sun et al., 2021;
Gao et al., 2019). The transaminases ALT, AST, and ALP have a wide distribution in animal
tissues, although their enzymatic activity is higher in the liver. Therefore, increases in serum
levels of these enzymes indicate damage to liver function (Sun et al., 2021). Other
histopathological findings were not considered toxicological relevance, as they occurred at a
similar frequency in control and treated-NPE groups. Corroborating with the results presented
above, previous studies have shown that treating rats with 6.86 g/kg of dry noni pulp (West et
al., 2009) and 5 g/kg of dry whole fruit (Rosly et al., 2011) did not result in histopathological
changes.

This study showed that gastrointestinal enzymes digested NPE proteins suggesting this
group of molecules is inactivated after oral administration. This data could explain at least in

part the absence of toxicity of mice after the treatment with repeated doses of NPE.

It is relevant to point out that noni juice has been approved as a new food ingredient
by the European Union due to the lack of convincing evidence about the toxicity of noni juice
(European Food Safety Authority, 2003, 2006). Moreover, noni fruits have a long history of
consumption of more than 2000 years by Polynesians (Abou Assi et al., 2017). Based on the
results obtained in this work, we assume that noni puree can be considered safe as a food

ingredient.



76

Table 3. Relative weight of fresh organs of mice orally treated with NPE (20 mg/kg) for 28

days.
Control NPE (mg/kg)
5 10 20
Males
Small intestine 0.036 £ 0.002 0.040 £ 0.006 0.044 + 0.003* 0.044 + 0.005*
Pancreas 0.009 + 0.001 0.008 + 0.003 0.007 + 0.001 0.008 + 0.001
Stomach 0.007 £ 0.001 0.008 £ 0.001 0.008 £ 0.000 0.008 = 0.001
Thymus 0.001 +0.000 0.002 + 0.000* 0.002 + 0.001* 0.002 + 0.000*
Liver 0.044 + 0.003 0.044 + 0.004 0.046 + 0.002 0.045 + 0.004
Heart 0.004 £ 0.000 0.004 = 0.000 0.004 £ 0.000 0.004 = 0.000
Kidneys 0.014 + 0.001 0.014 + 0.001 0.014 + 0.001 0.013+0.001
Spleen 0.004 + 0.001 0.004 + 0.001 0.004 + 0.001 0.004 + 0.001
Lung 0.004 = 0.000 0.005 £ 0.001 0.006 £ 0.001* 0.005 = 0.001
Females
Small intestine 0.042 +0.002 0.054 + 0.010* 0.045 +0.008 0.050 + 0.004
Pancreas 0.009 + 0.002 0.008 + 0.001 0.008 + 0.001 0.009 + 0.001
Stomach 0.009 + 0.000 0.010 +0.001 0.009 + 0.001 0.009 + 0.001
Thymus 0.002 +0.001 0.003 +0.001 0.003 + 0.000 0.002 + 0.000
Liver 0.046 + 0.003 0.048 + 0.002 0.045 + 0.002 0.042 + 0.003
Heart 0.004 + 0.000 0.004 + 0.000 0.004 + 0.000 0.004 + 0.000
Kidneys 0.013+0.001 0.013+0.001 0.013+0.001 0.013+0.001
Spleen 0.005 + 0.001 0.005 + 0.000 0.005 + 0.001 0.005 + 0.000
Lung 0.005 + 0.000 0.006 + 0.000* 0.006 + 0.001* 0.006 + 0.001*

Data are expressed as mean + SD. n=6/sex/group.

Asterisk indicates values that were different (p <0.05) from the respective control (saline

0.9%).

4 Conclusion

Noni puree has proven to be an interesting ingredient for the food industry. Cysteine
peptidases from NPE have already been used for cheese production, and in this work, they
proved that they are also capable of hydrolyzing gluten proteins. Peptides from hydrolyzed
gliadins had low detection by the R5 ELISA, making NPE a candidate for gluten detoxification.
However, studies on the investigation of cleavage sites and optimizations for the hydrolysis of

whole wheat flour are still needed. The results obtained in this study contributed to gathering
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relevant data on the food safety of noni puree. NPE did not show cytotoxic and genotoxic effects
on murine fibroblasts. In single-dose and repeated-dose 28-day trials with mice, NPE
consumption also did not induce changes indicative of toxicity. These findings corroborate
previous studies and point to the food safety of noni puree, which makes its use as a food

ingredient viable.
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Fig. 1. Mean body weight (g) of (A) male and (B) female mice orally treated NPE (5, 10, and

20 mg/kg) for 28 days. Data are expressed as mean + SD. n=6/sex/group.



Table 1. Food intake (g/day/animal) of mice orally treated with NPE (5, 10, and 20 mg/kg)

for 28 days.
Control NPE (mg/kg)
5 10 20
Males
Week 1 3.74 3.02 3.42 3.33
Week 2 3.79 3.28 341 3.02
Week 3 3.63 3.64 3.53 2.93
Week 4 3.79 3.26 3.10 3.09
Average 3.74+0.07 330+£0.26* 3.37+0.18 3.09%£0.17*
Females
Week 1 3.11 2.84 2.41 2.39
Week 2 3.12 3.25 2.62 2.57
Week 3 2.97 3.22 2.95 2.94
Week 4 3.24 3.14 2.52 3.02

Average  3.11+0.11 3.11+£0.18 2.62+0.23* 2.73+£0.29
Asterisk indicates values that were different (p <0.05) from the respective

control (saline 0.9%).
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Fig. 2. Representative images of histopathological findings in the liver (x200), kidney (x200),
spleen (x200), small intestine (x200) and stomach (x100) of male and female mice orally
administered 0 (control) or 20 mg NPE/kg for 28 days. Scale bars = 100 um (liver, kidney,

spleen, and small intestine) and 200 um (stomach).
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