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RESUMO

O objetivo do presente estudo foi avaliar os efeitos da frutalina (FTL) durante a maturagéo
in vitro (MIV) e fertilizacdo in vitro (FIV) de odcitos suinos. No experimento 1, 0s
complexos cumulus-o6citos (COCs) foram submetidos a MIV em meio TCM-199+
sozinho ou suplementado com FTL (0,6; 6 e 60 ug/mL), ou doxorrubicina 0,3 ug/mL
(DXR). Apo6s a MIV, parte dos o6citos foram avaliados quanto a configuracdo da
cromatina e 0s o0citos remanescentes foram submetidos a FIV. No experimento 2, 0s
COCs foram maturados em meio livre de FTL e, em seguida, foram fertilizados em meio
suplementado com FTL (0,6; 6 e 60 ug/mL), ou doxorrubicina 0,3 ug/mL de DXR. Apds
18 h de fertilizacdo, foram avaliadas as taxas de penetragdo, monospermia,
espermatozoides/odcito e a eficiéncia da FIV em ambos os experimentos. No experimento
1, as concentragdes de 6 e 60 ug/mL de FTL, bem como a DXR aumentaram (P < 0,05)
as taxas de odcitos com configuracdo de cromatina anormal quando comparado aos
00citos maturados em meio controle sozinho ou suplementado com 0,6 ng/mL de FTL.
A porcentagem de retomada mei6tica nos oécitos maturados com 60 pg/mL de FTL ou
DXR foram menores (P < 0,05) do que nos demais tratamentos. Adicionalmente, os
oocitos maturados com 6, 60 pg/mL de FTL ou DXR tiveram menor eficiéncia de MIV
quando comparados com 0s grupos 0,6 ug/mL de FTL ou meio controle. A exposi¢do dos
COCs durante a MIV com 6 ou 60 pg/mL de FTL reduziu (P < 0,05) as taxas de
penetracdo de espermatozoides/oodcito quando comparadas aos outros tratamentos, mas a
eficiéncia da FIV foi menor (P < 0,05) do que a obtida no controle ou com 0,6 pg/mL de
FTL. No experimento 2, a suplementacédo de 6,0 ou 60 pg/mL de FTL (P < 0,05) reduziu
as taxas de odcitos penetrados e de espermatozoides/odcito, mas aumentou (P < 0,05) as
taxas de monospermia. A utilizagdo 0,6 pg/mL de FTL aumentou (P < 0,05) as taxas de
monospermia e eficiéncia da FIV, quando comparado ao meio de controle. Além disso, 6
e 60 pg/mL de FTL reduziu as taxas de penetracdo (P <0,05), as taxas de
espermatozoides/odcitos e a eficiéncia da FIV. Em conclusao, 0,6 pg/mL de FTL reduz
as taxas de penetracdo e 0 nUmero de espermatozoides/odcitos aumentando a eficiéncia
da FIV sem efeitos nocivos. Por outro lado, a utilizagdo de 6,0 e 60 pg/mL de FTL causa
efeitos toxicos durante a maturacdo dos odcitos e reduz as taxas de eficiéncia de FIV.

Palavras-chave: Artocarpus incisa, fertilizacdo in vitro, frutalina, maturacdo in vitro.



ABSTRACT

The aim of the present study was to evaluate the effect of frutalin (FTL) on in vitro
maturation (IVM), and fertilization (IVF) of porcine oocytes. In the experiment 1,
cumulus-oocyte complexes (COCs) were submitted to IVM in maturation medium alone
or supplemented with different FTL concentrations (0.6, 6 and 60 pg/mL), or 0.3 pg/mL
doxorubicin (DXR). After IVM, some oocytes were evaluated for chromatin
configuration, and the remaining oocytes were submitted to in vitro fertilization. In
experiment 2, matured oocytes were fertilized in IVF medium alone (control) or in
presence of different FTL concentrations (0.6, 6 and 60 pg/mL), or 0.3 ug/mL DXR. After
18 h post fertilization, the endpoints penetration rate, monospermy, spermatozoa per
oocyte, and the IVF efficiency were evaluated in both experiments. In experiment 1, 6
and 60 ug/mL FTL, as well as DXR increased (P < 0.05) the rate of oocytes with abnormal
chromatin configuration when compared to oocyte matured in control medium alone or
supplemented with 0.6 pg/mL FTL. The percentage of meiotic resumption in oocytes
cultured with 60 pg/mL FTL or DXR were lower (P < 0.05) than in the other treatments.
Moreover, oocytes matured with 6 and 60 pg/mL FTL and DXR showed lower IVM
efficiency when compared to those matured with 0.6 ug/mL FTL or in control medium.
Exposure of COCs during IVM to 6 or 60 FTL reduced (P < 0.05) penetration and
sperm/oocyte rates when compared to other treatments, but IVF efficiency was lower (P
< 0.05) than that in control medium alone or with 0.6 pg/mL FTL. In experiment 2, 0.6
pg/mL FTL increased (P < 0.05) monospermy and IVF efficiency rates when compared
to control medium. In addition, 6 and 60 pg/mL FTL reduced (P < 0.05) penetration,
sperm/oocyte rates and IVF efficiency, although increasing (P < 0.05) monospermy rates.
In conclusion, 0.6 pg/mL FTL reduces the penetration rates and the number of
sperm/oocytes increasing IVF efficiency without harmful effects. Higher concentrations
of FTL have toxic effects during oocyte maturation and reduced IVF efficiency.

Keywords: Artocarpus incisa, in vitro fertilization, frutalin, in vitro maturation.
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1 INTRODUCAO

As lectinas representam uma familia de proteinas que possuem pelo menos um
dominio néo catalitico, as quais sdo capazes de reconhecer e se ligar de forma especifica
e reversivel a carboidratos (mono ou oligossacarideos) e glicoconjugados em superficie
celular (PEUMANS; VAN DAMME, 1995). Dentre as lectinas, destaca-se a frutalina,
uma lectina extraida da fruta-pdo (Artocarpus incisa) que possui afinidade de ligacao por
D-galactose. Devido as suas caracteristicas de ligagdo, Vvarias atividades biologicas ja
foram reportadas para a frutalina, como efeitos nociceptivos agudos e neuropéticos
(DAMASCENO et al., 2016), inducdo de migracdo de neutrdfilos in vitro e in vivo
(BRANDO-LIMA et al., 2005), inducdo de quimiotaxia e reorganizacao do citoesqueleto
de neutrofilos humanos, atuacdo na motilidade celular e na resposta oxidativa (ROCHE
etal., 2006). Além disso, a frutalina possui potencial para reconhecer e diferenciar células
cancerigenas da proéstata, tireoide, mama e linfoma de Hodgkin (OLIVEIRA et al., 2009;
FERREIRA, 2001; CONSTANCIO, 2005; MILHOME, 2008). Em relato anterior,
Oliveira et al. (2011) estudando a agdo da frutalina em linhagens de células Hela,
observaram que ela também possui efeito citotoxico, sendo capaz de causar a apoptose
destas células. No entanto, muitas drogas usadas para tratar cancer, como a doxorrubicina
(DXR), podem comprometer a integridade dos odcitos, impedindo que ocorra a
maturacdo eficiente e consequentemente, prejudicando a fertilizag&o.

Recentemente, Soares et al. (2018) mostraram aumento na expressao de genes
pré-apoptoticos e um efeito prejudicial na morfologia folicular quando foram adicionadas
concentragdes superiores a 50 pg/mL de frutalina durante o cultivo in vitro de tecido
cortical ovariano caprino. Mesmo com esses estudos, é desconhecido a influéncia da
frutalina no processo de maturacdo oocitéria e fertilizacdo em mamiferos. Sabe-se que a
integridade oocitéaria é um fator determinante para que o 006cito possa atingir a maturacao,
fertilizacdo ou ativacdo partenogenetica (ROTH; HANSEN, 2005). Durante a
fertilizacdo, as proteinas da membrana espermatica reconhecem o0s carboidratos
localizados na zona pelucida (ZP), que é um passo crucial para a penetracdo (BEN-
YOSEF; SHALGI, 2001). Nos suinos, esta interacdo proteina-carboidratos ocorre atraves
da manose e galactose (YONEZAWA et al., 2005). Desta forma, acredita-se que a

frutalina teria a capacidade de se unir a esses carboidratos na ZP e bloquear a penetracao
15



de espermatozoides durante a fertilizacdo em mamiferos, incluindo suinos. A espécie
suina é considerada um modelo animal adequado para humanos, devido as semelhancas
de didmetro do odcito, duracdo da maturacdo oocitaria e desenvolvimento embrionério
(SANTOS et al., 2014). Além disso, a vantagem de usar ovarios suinos € que sdo obtidos
de animais com raca e idade semelhantes e possuindo nutricdo controlada. Assim, a
espécie suina tem sido bastante utilizada como modelo para odcitos humanos em testes
de toxicidade (SANTOS et al., 2014). A avaliacdo da toxicidade reprodutiva de
substancias sintéticas ou naturais podem ser realizadas in vivo e/ou in vitro. No entanto,
os estudos in vitro permitem testar a toxicidade de drogas evitando as preocupacdes éticas
e restricdes de experiéncias in vivo. Desta forma, uma alternativa para testes toxicoldgicos
reprodutivos, consiste na utilizacdo de biotécnicas reprodutivas como a maturacao in
vitro (MIV) e fertilizag&o in vitro (FIV) (FIGUEIREDO et al., 2011).

Para um maior esclarecimento da importancia deste trabalho, a revisdo de
literatura a seguir ira abordar aspectos relacionados a dinamica do crescimento folicular,
maturacdo oocitaria, maturacao nuclear, maturacao citoplasmatica, fertilizacdo in vitro e
a influéncia das lectinas durante o crescimento oocitario, com enfoque para a lectina

frutalina e seus mecanismos de agéo.
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2 REVISAO DE LITERATURA

2.1 Dindmica do crescimento folicular em suinos

A fémea suina é poliéstrica durante todo o ano, sendo a ciclicidade interrompida
somente em uma gestacdo ou disfuncdo enddcrina (ANDERSON, 1995). Em fémeas preé-
puberes, ciclicas, gestantes e desmamadas, os grupos de foliculos primordiais sdo
continuamente ativados e iniciam o desenvolvimento. O crescimento até a formagdo do
antro é muito lento. Durante o periodo estral, a populacao de foliculos antrais superficiais
aumenta seu crescimento e cerca de 40 a 50% dos foliculos antrais de tamanho médio
morrem por atresia entre 0 16° dia de estro (COX, 1990). Apds este periodo, os foliculos
dominantes continuam o crescimento em direcdo ao estagio de foliculos pré-ovulatorios.

O crescimento final, ou seja, de foliculos de 1-4 mm até foliculos pré-ovulatério
(6 a 10 mm) é muito rapido e requer cerca de quatro a seis dias, com uma proliferacao
seguida de aumento no volume do antro, diferenciacdo das células foliculares e aumento
na secrecdo de inibina e estradiol, bem como do aparecimento de receptores do hormonio
luteinizante (LH) nas células da granulosa (PRUNIER; QUESNEL, 2000). No decorrer
do desenvolvimento de foliculos antrais, o odcito secreta fatores que estimulam a
proliferacédo e a diferenciacdo das células da granulosa de suinos, promovendo a supressao
da producdo de progesterona, o que impede a luteinizacdo prematura (HUNTER;
PARDIS, 2009).

Estudos revelam que o crescimento de foliculos antrais até 2-3 mm néo requer
suporte gonadotréfico, pois inicialmente é controlado por fatores de crescimento
produzidos localmente nos ovarios. Apds a lutedlise ou desmame, cerca de 15 a 25
foliculos antrais saudaveis com didmetro de 1-4 mm sdo recrutados, selecionados e
crescem até o estagio de foliculos pré-ovulatérios. Em seguida, apds quatro a sete dias, €
observada a ovulacdo dos foliculos sobreviventes. Tem sido sugerido que, em fémeas
ciclicas, o declinio da progesterona apos lutedlise é o sinal para o recrutamento e a selecao
folicular. Contudo, experimentos na auséncia de gonadotrofinas tém demonstrado que o
horménio foliculo estimulante (FSH) € necessario para suportar o crescimento folicular
acima de 2-3 mm e LH acima de 4 mm (PRUNIER; QUESNEL, 2000).
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2.2 Caracteristicas do odcito e da maturacao oocitaria

Os odcitos sdo derivados das células germinativas primordiais, as quais se
desenvolvem antes do nascimento (DEW, 2001). Em seus primeiros estagios de
desenvolvimento os o0citos sdo circundados por uma camada de células somaticas
pavimentosas, denominadas células da pré-granulosa (PICTON, 1998). Durante o periodo
embrionario, 0 o0cito passa por uma série de divisdes mitéticas, até o inicio da divisao
meiotica, na qual o odcito entrard em parada meiotica no estadio de préfase I, onde se
manterd até o seu completo desenvolvimento, aumentando seu tamanho e conteddo
citoplasmatico incluso no ambiente folicular (BLANCO et al., 2011). Apos seu pleno
desenvolvimento folicular, da-se inicio ao evento denominado maturacdo oocitaria.

A maturagdo oocitaria em mamiferos é caracterizada pela sequéncia de eventos
nucleares e citoplasméticos que ocorrem desde o estdgio de vesicula germinativa (VG)
até o término da segunda divisdo meidtica, com formacao do segundo corpusculo polar
apos a fertilizacdo (BLANCO et al., 2011). No periodo que compreende a onda de LH e
a ovulacdo, o o6cito passa por uma série de mudancas nucleares e citoplasmaticas
concomitantes ao seu crescimento (VAN DEN HURK; ZHAO, 2005; SANCHEZ;
SMITZ, 2012). De acordo com a retomada ou ndo da meiose, 0s o6citos podem ser
classificados como competentes ou incompetentes, respectivamente (ARLOTTO et al.,
1996). Odcitos competentes sdo aqueles que, por definicdo, tém a capacidade para
concluir a meiose, para se dividir apds fertilizagdo, se desenvolver na forma de embrido
até ao estadio de blastocisto, originar uma gravidez e por fim originar um ser saudavel
(TORNER et al., 2008; FERREIRA et al., 2009). A competéncia meidtica é obtida
durante a foliculogénese e acontece in vivo somente em odcitos de foliculos dominantes
(pré-ovulatorios) totalmente crescidos (SANCHEZ; SMITZ, 2012).

Para que a maturacdo oocitaria ocorra de forma apropriada, é fundamental que
além das modificagbes no ndcleo (maturacdo nuclear), outros processos estejam
acontecendo dentro do citoplasma do oocito (maturacdo citoplasmatica), os quais
requerem um desenvolvimento completo para que ocorra a fertilizagdo apropriadamente.
Odcitos que ndo completam adequadamente a sua maturacdo citoplasméatica sdo
incapazes de completar 0s processos normais do desenvolvimento oocitario (KRISHER
et al., 2004). Assim, embora independentes, as maturacdes nuclear e citoplasmatica
interagem e, in vivo, ocorrem de maneira sincronizada em determinados periodos,
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garantindo a plena capacitacdo do oocito (FERREIRA et al., 2009; YAMADA, ISAJI,
2011).

In vivo, a retomada da meiose tem inicio sob a influéncia da onda pré-ovulatéria
de LH, a qual acontece somente em 00citos meioticamente competentes provenientes de
foliculos dominantes. O odcito € circundado pelas células compactas do cimulus antes e
no momento da onda de LH. No momento que precede a onda de LH, as juncdes gap
existentes entre as células do cimulus e o odcito se desfazem (SANCHEZ; SMITZ,
2012). A inibicdo da secrecdo de LH ou a inativagdo dos receptores de LH previne a
maturacdo oocitaria e promove falha na ovulacdo do odcito. Uma vez que nenhum
receptor de LH é detectado nos o0citos, os sinais que desencadeiam a maturacéo oocitaria
sdo oriundos das células foliculares que o circundam (PENG et al., 1991; VAN DEN
HURK; ZHAO, 2005). Os foliculos reagem ao pico de LH, mudando a producdo de
esteroides pelas células da granulosa e produzindo acido hialurdnico pelas células do
ctmulus. O acido hialurénico produzido leva a mucificacdo e expansdo das células do
cumulus, bem como ao rompimento das jungbes comunicantes existentes entre estas
células e o odcito (PICTON et al., 1998). Assim, as células do cimulus apoiam uma
variedade de funcGes durante a maturacdo do odcito, como metabolismo, retomada da
meiose e rearranjos citoesqueléticos. Adicionalmente, influenciam os niveis de ATP nos
odcitos durante a maturacdo, por intermédio da comunicacdo célula-célula via juncdes
gap (COTICCHIO et al., 2015).

In vitro, nos casos em que 0s odcitos sdo prematuramente removidos de seus
foliculos, ocorre a retomada da meiose espontaneamente através de um mecanismo
diferente do que ocorre in vivo. Quando os odcitos sdo removidos de seus foliculos, eles
sofrem uma répida diminuigdo nos seus niveis de monofosfato de adenosina ciclico
(cCAMP). Esta diminuigdo leva imediatamente & ativagdo do fator promotor da maturacéo,
ocasionando automaticamente a retomada da meiose (THOMAS et al., 2004). Apesar de
varias décadas de pesquisa, quando o0citos sdo derivados da MIV na maioria das
espécies, estes possuem um resultado de desenvolvimento inferior quando comparados
aqueles derivados apds a maturagdo in vivo, mesmo com avancos recentes (WALLS et
al., 2015).
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2.2.1 Maturacdo oocitaria nuclear

A maturacdo oocitaria nuclear é caracterizada pela habilidade do odcito em
retomar a meiose até o estagio de metafase Il, podendo ser observada pela extrusdo do
primeiro corpusculo polar (WATSON, 2007; BLANCO et al., 2011). O processo de
maturacdo do oocito é regido em resposta ao pico de LH que envolve varias vias
regulatorias, tais como a alteragdo da fosforilagédo de proteinas, nos niveis de CAMP e nos
niveis de calcio intra-citoplasmaticos (HOMA, 1995; GORDO et al., 2001;
MEHLMANN, 2005).

Segundo Wehrend e Meinecke (2001), a retomada da meiose e 0 processo de
maturacdo nuclear séo regulados pela fosforilacdo e desfosforilagdo proteica, por meio de
proteinas quinases e fosfatases, respectivamente. Gordo (2001) demonstrou que a
proteina denominada fator promotor da maturacdo (MPF) é a responsavel pelo inicio da
maturacdo oocitaria, uma vez que a sua ativacdo precede ou ocorre simultaneamente a
quebra da vesicula germinativa (RVG). A ativacdo do MPF promove a fosforilacdo de
proteinas que ddo origem ao envelope nuclear e aquelas envolvidas com a condensagéo
da cromatina e reorganizacgdo do citoesqueleto (TROUNSON et al., 2001). Também estéo
envolvidas no processo de maturacdo oocitaria as proteinas quinases ativadas por
mitégenos (MAPK), que quando ativadas, promovem a ativacao e estabilizacéo do fator
promotor da maturagdo (MPF) nos od6citos, pela inibicdo de alguns reguladores negativos
deste fator e pela ativagdo da enzima cdc25 fosfatase (SAGATA, 1997).

O aumento dos niveis de cCAMP no o6cito de mamiferos é de grande relevancia
para a maturacao nuclear, ja que sua atividade promove a fosforilacdo e desfosforilacdo
de proteinas especificas envolvidas no blogqueio e reinicio meiético (CONTI et al., 1998).
Estudos demonstram que as gonadotrofinas promovem elevagdo da concentracdo de
cAMP, resultando na expressao de substancias indutoras da RVG e na expansdo das
células do cumulus (SU, 2003). Segundo Byscov et al. (1997), a perda da comunicacéo
entre os complexos cumulos oocitos (COCs) e as células foliculares, em consequéncia ao
estimulo hormonal ou da remoc¢do dos COCs do ambiente folicular, interrompe a
transferéncia de moléculas inibitérias e cAMP para os 00citos, e assim, hd uma reducao
na concentracdo intraoocitaria de CAMP. A elevacdo de gonadotrofinas como o LH, néo
s0 ativa a adenilato ciclase, para promover um aumento do cAMP, mas também estimula
um rapido aumento do calcio intracelular nas células do cumulus pela ativagdo da
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fosfolipase C. Nos animais domésticos, o pico de LH induz sinais de alta frequéncia de
calcio nos odcitos, a sintese de ciclinas e, possivelmente, de outras proteinas do ciclo
celular. E proposto que a modificagdo das ciclinas pelo sinal de célcio é necessaria para
a ativacao completa do MPF na presenca de quinases dependes de ciclina, resultando na
quebra da vesicula germinativa (VAN DEN HURK; ZHAO, 2005).

2.2.2 Maturacdo oocitaria citoplasmética

A maturacgdo oocitaria dos gametas femininos ndo se resume apenas as alteragoes
cromossémicas durante a maturacdo nuclear, mas vem acompanhada da maturacéo
citoplasmatica do odcito que inclui diversas transformacdes no oosplasma, como a
capacidade do odcito em bloquear a polispermia, promover a descondensacdo do
espermatozoide j& no interior do ooplasma, formar o prondcleo apos a fertilizacao, e
sustentar as fases iniciais do desenvolvimento embrionario (FERREIRA et al., 2009; LIU
et al., 2010; MAO et al., 2014). Esse processo inclui modificacdes estruturais no oocito,
caracterizadas pela redistribuicdo de organelas citoplasmaticas, dindmica dos filamentos
do citoesqueleto, e a maturacdo molecular (BLANCO et al., 2011, VAN DEN HURK;
ZHAO, 2005; CROCOMO, 2015).

A maturacdo molecular envolve a producéo e o armazenamento de proteinas e de
RNAs, essenciais para a recomposi¢cdo gendmica, ativacdo e envios de mensagens
indispensaveis para regulamentacdo da embriogénese. Assim, o o6cito é o principal
responsavel por assegurar o desenvolvimento embrionario inicial, principalmente devido
a presenca de grande quantidade de RNAs mensageiros e proteinas que foram acumulados
durante crescimento do odcito (FAIR et al., 2007, HAMATANI et al., 2008). Biase et al.
(2012) demonstraram que o potencial de desenvolvimento embrionério e a qualidade dos
blastocistos sdo determinados pela adequada concentracdo oocitaria de RNAS
mensageiros. Os RNAs mensageiros estocados sdo traduzidos durante a maturacdo do
odcito, quando a célula entra em divisdo meidtica e durante embriogénese inicial. Varios
RNAs mensageiros estocados tém caudas poli (A) curtas e quando estas caudas sao
posteriormente alongadas, inicia-se a tradugéo.

Muitas organelas sdo redistribuidas durante o processo de maturacao
citoplasmatica. As mitocdndrias, através de fosforilacdo oxidativa do metabolismo dos
carboidratos e dos acidos graxos do citoplasma, sdo as responsaveis pela producéo de
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grande parte da energia celular em forma de ATP. Além disso, estas organelas participam
dos processos de apoptose e manutencdo da homeostase do célcio (MAO et al., 2014).
Em bovinos, os odcitos na fase de VG, as mitocondrias encontram-se na zona cortical do
citoplasma, enquanto que em odcitos em metafase | e 11, estas sdo muito mais numerosas
e encontram-se distribuidas por todo o citoplasma (LIU et al., 2010; KATSKA et al.,
2011; MAO et al., 2014).

Os granulos corticais presentes no ooplasma sdo constituidos por proteases,
glicosidases, enzimas e proteinas estruturais, que contribuem na modificacdo da zona
pellcida, oferecendo uma barreira fisica e bioquimica para o blogueio da polispermia. Os
granulos corticais sdo encontrados inicialmente em pequenos grupos no citoplasma dos
odcitos em estagio de VG. Com o avanco da maturacdo, sua migracdo ocorre para a
periferia do odcito (FERREIRA et al., 2009).

E importante ressaltar que neste processo também estdo envolvidas proteinas
como o fator de crescimento do prondcleo masculino (MPGF) e o promotor de
crescimento da maturacdo (MPF). As proteinas do citoesqueleto e a correta distribuicao
das organelas sdo importantes para a maturagdo citoplasméatica e podem afetar a
competéncia do odcito (BREVINI et al., 2007).

2.3 Fertilizac&o in vivo e in vitro

Denomina-se fertilizacdo a fusdo entre o gameta feminino e 0 masculino que dara
origem a um zigoto, apto para gerar um novo organismo multicelular. Nos mamiferos
este processo € caracterizado por trés eventos. A passagem espermatica entre as células
do cumulus, a fixacdo espermatica na zona pellcida e a fusdo do espermatozoide a
membrana plasmética do odcito. Em seguida, ocorre a exocitose dos granulos corticais e
a retomada da meiose com extrusdo do segundo corpusculo polar e formacdo do
prondcleo feminino. O ndcleo espermatico se descondensa gerando um pronucleo
masculino (HAFEZ; HAFEZ, 2004). Os pronucleos masculino e feminino migram para
o centro do odcito, onde ocorre a degradacdo do envelope nuclear e a associacdo dos
cromossomos para a primeira divisdo mitética, denominada clivagem, dando inicio ao
desenvolvimento embrionario (GONCALVES et al., 2002; DURANTTHON et al.,
2008).
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Na fertilizacdo in vivo, é necessario que o espermatozoide percorra um longo
trajeto pelo trato genital da fémea até chegar ao sitio de fertilizacdo no oviduto para que
ocorra a fecundagédo. No decorrer deste percurso, glicosaminoglicanos existentes no trato
reprodutivo feminino induzem sua capacitacdo (HAFEZ; HAFEZ, 2004). In vitro, assim
como in vivo, o processo de fecundacdo do odcito envolve uma cascata bioquimica
complexa, que se inicia com 0 aumento da motilidade do espermatozoide, que deve sofrer
capacitacdo, reconhecimento de receptores na zona pelicida do odcito, sofrer reacdo
acrossdmica, ligar-se na membrana plasmatica do odcito e, por fim, incorporar-se ao
citoplasma (DODE; RODOVALHO, 2002).

A capacitacdo espermatica esta relacionada com uma remocéo gradual e alteracao
de glicoproteinas periféricas, reducdo nos niveis de colesterol e mudancas na distribuicédo
e composicdo de certos fosfolipideos de membrana. Para a capacitacdo espermatica in
vitro de suinos, € comumente utilizada a cafeina (ROMAR et al.,, 2016). O
espermatozoide capacitado e com 0 acrossoma intacto consegue atravessar pelas células
do cumulus, porém néo passa pela zona pellcida do odcito. Por esse motivo, Gordon
(1994) relatou que a reagdo acrossémica € imprescindivel para a passagem do gameta
masculino pela ZP.

A ZP do od6cito de mamiferos é composta por trés glicoproteinas, denominadas
ZP1, ZP2 e ZP3, que interagem por ligacdes ndo covalentes. Cada um dos tipos de
glicoproteinas consiste de uma cadeia comum de polipeptidio, que é heterogeneamente
glicosilado com o oligossacarideo ligado a aspagina-(N) que se liga a serina/treonina-(O)
(GUPTA et al., 2004). A ligacdo primaria do espermatozoide com a zona pelucida
acontece por meio da proteina ZP3, enquanto que a ZP2 participa da ligacdo espermatica
secundaria na ZP. A ligacdo espermatica primaria por meio da ZP3 ocorre em locais
especificos. Estas regides possuem residuos glicosilados de serina (Ser) para que o
espermatozoide, com acrossoma intacto, possa se ligar durante a fecundacdo. Evidéncias
sugerem que varios acucares incluindo galactose, fucose e glucosamina-acetil-N, podem
estar envolvidos no reconhecimento pelo espermatozoide (GUPTA et al., 2004). Estudos
demonstraram que as glicoproteinas ZPB (pZP3a) e ZPC (pZP3p) sdo o local de ligagao
ao esperma na membrana de odcitos suinos, revelando que os residuos de galactose
terminais atuam como os locais de ligacdo do esperma (YONEZAWA et al., 2005).

Apos a ligacdo do espermatozoide a ZP ocorre uma cascata de eventos que
culminam no aumento intracelular de calcio. Esse aumento é responsavel por ativar
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substancias fusiogénicas, além de agir nos fosfolipideos de membrana, localizados na
cabeca do espermatozoide. Apds a fusdo e a incorporagdo do gameta masculino no o6cito,
granulos corticais sdo liberados dentro do espaco perivitelinico. Isso culmina em uma
extensa reorganizacdo da zona peltcida e/ou superficie vitelinica, conhecida como reacéo
cortical. A reacdo cortical provoca um endurecimento da zona pellcida através da
liberacdo de enzimas, que também sdo responsaveis pela inativacdo de receptores
espermaticos (ZP3), evitando assim a polispermia (DODE, 2002; HAFEZ; HAFEZ,
2004). Em suinos, 50% dos odcitos fertilizados in vitro sdo penetrados por mais de um
espermatozoide (COY et al.,, 2008, ZHANG et al.,, 2012) ocasionando uma baixa
eficiéncia na producdo in vitro de embrides suinos (COY; ROMAR, 2002). Estudos tem
mostrado que 0 uso em excesso de espermatozoides durante a FIV € uma causa para a
alta incidéncia de polispermia (SUAREZ et al., 2007). No entanto, a reducdo da
concentracdo de espermatozoides utilizada para fertilizacdo in vitro além de reduzir a
polispermia, acaba reduzindo também a eficiéncia da FIV (ABEYDEERA; DAY, 1997).
Dessa forma, € de grande relevancia o estudo de substancias que regulem a interagéo entre
espermatozoides e os carboidratos na zona pellcida, principalmente para reduzir a
incidéncia de polispermia em suinos.

ApOs penetrar na zona pellcida, a membrana plasmaética do espermatozoide
funde-se com a membrana do odcito, fato que estimula o o6cito a completar a meiose,
expelindo o segundo corpusculo polar para dentro do espaco perivitelinico. Os
cromossomos maternos (haploides) sdo englobados por um pronicleo. O envelope
nuclear do espermatozoide desintegra-se ap6s a fusdo com a membrana plasmatica do
odcito, descondensando assim a sua cromatina. Ocorre a formacao de um novo envelope
nuclear dentro do citoplasma do odcito, formando o pré-nicleo masculino (HAFEZ;
HAFEZ, 2004). Ao final da jungdo dos pro-nucleos masculinos e femininos, fendmeno
intitulado de singamia, o zigoto é formado com um novo arranjo citoplasmatico e inicia-
se uma série de divisGes mitoticas, até a formacdo do blastocisto (GONCALVES et al.,
2002).
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2.4 Caracteristicas das lectinas e seus efeitos durante o crescimento folicular,

maturacao oocitaria e fertilizacao
2.4.1 Lectinas vegetais

Lectinas sdo proteinas que se ligam reversivelmente a carboidratos e néo
modificam os carboidratos aos quais estdo ligadas (SHARON; LIS, 2004). Essas
proteinas estdo distribuidas amplamente na natureza, sendo encontradas em quase todos
0s organismos vivos, desde microorganismos, até animais vertebrados, invertebrados e
plantas (LAM, 2011).

Peumans e Van Damme (1995) inicialmente classificaram as lectinas de acordo
com seus sitios de atividade bioldgica em trés grupos: merolectinas, hololectinas e
quimerolectinas. As merolectinas sdo biomoléculas que apresentam apenas um sitio de
ligacdo a carboidratos, sendo assim incapazes de aglutinar células ou precipitar
glicoconjugados. As hololectinas sdo proteinas que apresentam mais de um sitio de
ligacdo a carboidratos, sendo capazes de aglutinar células ou precipitar glicoconjugados,
tendo como representante a maioria das lectinas vegetais. As quimerolectinas séo lectinas
gue possuem um ou mais sitios de ligacao a carboidratos, além de possuir outro sitio ndo
lectinico com atividade biologica. Posteriormente, Peumans e Van Damme, em 1998,
incluiram mais uma classe de lectinas, as Superlectinas, que se referem a proteinas que
apresentam dois ou mais sitios lectinicos, porém com especificidades a carboidratos

diferentes (Figura 1).

Merolectina Hololectina Quimerolectina Superlectina
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Figura 1. Classificacdo estrutural das lectinas vegetais de acordo com 0s seus sitios de
atividade biologica. Representagdo esquematica de merolectinas, hololectinas,
quimerolectinas e superlectinas.

Fonte: Adaptado de Peumans et al., 2001.

As lectinas sdo também classificadas de acordo com sua estrutura e evolucdo em
sete grupos: amarantinas, lectinas ligadoras de quitina, lectinas do floema de
curcubitaceae, lectinas relacionadas a jacalina, lectinas de legumes, lectinas de
monocotiledéneas ligantes de manose (MMBL) e proteinas inativadoras de ribossomos
(PNEUMANS et al., 2001).

Muitas atividades bioldgicas ja foram reportadas para as lectinas devido as suas
caracteristicas de ligacdo e alta especificidade. Recentemente, Cui et al. (2017) estudando
lectinas encontradas em Artocarpus lingnanensis, observaram que elas possuem
capacidade de induzir a mitogénese em linfocitos T. Lectinas também sdo capazes de
regular a migracao e a adesdo de células bacterianas, isso foi demonstrado com lectinas
extraidas de Bauhinia variegata (KLAFKE, 2016). Ja foi reportado que estas proteinas
possuem a capacidade de reconhecer carboidratos em membranas celulares e
modificacGes no padrdo de glicosilacdo das mesmas, tendo assim potencial para serem
utilizadas como biomarcadores de células cancerigenas (SHARON; LIS 2004; YAU et
al., 2015).

2.4.2 Influéncia das lectinas na maturacdo oocitaria e fertilizacéo in vitro

Os efeitos das lectinas também tém sido investigado sobre os gametas femininos
in vitro. Recentemente, Soares et al. (2018) avaliaram os efeitos da frutalina (1, 10, 50,
100 e 200 pg/mL) sobre a morfologia de foliculos pré-antrais, ultraestrutura e expressao
génica em tecido cortical ovariano de cabra cultivados in vitro. Os autores observaram
que os efeitos toxicos mais pronunciados ocorreram quando foi utilizado as concentragdes
mais elevadas de frutalina (50, 100 e 200 pg/mL) e a anélise ultraestrutural mostrou que
os foliculos atrésicos continham od6citos retraidos e um grande nimero de vactolos
distribuidos por todo o citoplasma. Além disso, os autores observaram sinais de danos
nas membranas e cristas mitocondriais. Na analise da expressdo génica, a presenca da
frutalina aumentou a expressao de genes pro-apoptoticos.
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Os efeitos de outras lectinas sobre a ativacdo de foliculos primordiais,
manutencéo e sobrevivéncia de foliculos, bem como sobre a maturacdo de odcitos foram
estudados (CUNHA et al., 2013; PORTELA etal., 2014; RIBEIRO et al., 2014; SOARES
etal., 2018; WANG et al., 2001). Ribeiro et al. (2014) investigaram o efeito de diferentes
concentracdes de jacalina (0, 10, 25, 50 e 100 pug/mL) e da interacdo desta lectina com o
FSH sobre a sobrevivéncia, ativacao e expressao génica em foliculos primordiais caprinos
cultivados in vitro. Este estudo demonstrou que apo6s seis dias de cultivo, a presenca de
50 pg/mL de jacalina sozinha em meio de cultivo promoveu um aumento de foliculos
morfologicamente normais, bem como uma reducdo da percentagem de foliculos
primordiais e aumento de foliculos em desenvolvimento, quando comparado ao meio
controle. A jacalina ou FSH individualmente estimulam a ativacdo dos foliculos e
contribuem para a manutencéo da viabilidade, no entanto néo foi observada uma interacédo
positiva entres essas duas substancias. Além disso, a expressdo de RNAm para 0s genes
BMP-15 e KL apds o cultivo in vitro de fragmentos de ovario nos diferentes tratamentos
por 6 dias ndo foi alterada. No entanto, a presen¢a de FSH aumentou os niveis de RNAm
para o c-kit e para 0 PCNA, enquanto que o0 GDF-9 teve sua expressao reduzida em meio
suplementado com jacalina (RIBEIRO et al., 2014).

Wang et al. (2001) verificaram o efeito da fitoheglutinina (PHA) em meio de
maturacdo de oocitos bovinos e o subsequente desenvolvimento embrionario. Neste
estudo, os autores relataram que a PHA néo possui efeito positivo ou negativo sobre a
MIV ou no desenvolvimento de embrides. O efeito desta lectina sobre o desenvolvimento
de foliculos ovarianos caprinos cultivados in vitro também foi estudado. Os autores
verificaram que a presenca de PHA (1, 10, 50, 100 ou 200 pg/mL) em meio de cultivo,
teve capacidade de manter a sobrevivéncia folicular de forma dose dependente. Além
disso, ndo foram observadas diferencgas significativas entre as concentracdes testadas e o
controle no aumento do didmetro folicular durante o cultivo. Entretanto, a PHA na
concentracdo de 10 pug/mL mostrou acdo bioldgica na formacéo de antro e estimulou um
aumento nos niveis de expressdo de RNAm para FSH-R e PCNA em foliculos
secundarios caprinos cultivados por seis dias (CUNHA et al., 2013)

Gongalves et al. (2009) verificaram o efeito de lectinas de Ricinus comuns e da
osteopontina na ligacdo de espermatozoides e fertilizacdo in vitro. Neste estudo, a
associacdo das lectinas com a osteopontina melhorou a ligacdo espermatozoide-od6cito e
a fertilizac&o in vitro, isto porque a lectina RCA-1 possui multiplos locais de ligacéo para
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residuos galactosilo, tornando-a capaz de ligar-se tanto a osteopontina como ao odcito,

atuando semelhante a uma molécula de adesao.

2.5 Efeitos da Frutalina (Lectina das sementes de Artocarpus incisa L.) in vitro

A frutalina € uma lectina extraida de Artocarpus incisa e possui afinidade de
ligacdo por a -D-galactose. Sua estrutura € tetramérica composta por quatro monémeros
ligados por ligacGes ndo covalentes. Cada monémero € constituido por duas cadeias, a
cadeia o e a cadeia P, parcialmente glicosilada. A conformagdo tridimensional
predominante é a folha B antiparalela (64%) contendo quatro locais de ligagdo a D-
galactose, podendo assim ser classificada como uma hololectina.

Em virtude da especificidade anomérica por D-galactose, diversas atividades
bioldgicas da frutalina vém sendo relatadas, principalmente em sua aplicacdo nas areas
biomédicas. Muitos estudos tém demonstrado que a frutalina pode ser utilizada no
diagnostico de células cancerigenas, como lesdes malignas da mama (FERREIRA, 2001),
linfoma de Hodgkin (CONSTANCIO, 2005), cancer da tiroide (MILHOME, 2008) e
cancer da prostata (OLIVEIRA et al., 2009). Além disso, em linhagens de células HeLa,
esta lectina tem acéo tdxica, causando apoptose nestas células (OLIVEIRA et al., 2011).
Brando-Lima et al. (2005) observaram que a frutalina pode atuar na indugdo da migracéo
de neutrofilos in vitro e in vivo, na inducdo da quimiotaxia e na reorganizacdo do
citoesqueleto de neutréfilos humanos, interferindo com a motilidade celular e a resposta
oxidativa. Além disso, a frutalina possui a capacidade de estimular a ativacdo mitogénica
de linfécitos e a producdo de interleucina-2 em humanos, revelando potencial para
estudos de mecanismos intracelulares (BRANDO-LIMA et al., 2006). Mais informacdes
sobre a frutalina e seu mecanismo de agcéo encontram-se no artigo de revisao de literatura
(Capitulo 1).
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3 JUSTIFICATIVA

A frutalina apresenta potencial para reconhecer e se ligar & membranas celulares,
e até penetrar no ndcleo celular, influenciando as interacdes célula- célula, proliferagdo e
morte celular (SHARON; LIS 2004; OLIVEIRA et al., 2011). Além disso, algumas
atividades bioldgicas ja foram descritas para esta lectina, como a capacidade de induzir a
migracdo in vivo e in vitro de neutrdfilos, inducdo de quimiotaxia e reorganizacao do
citoesqueleto, interferindo na mobilidade celular e na resposta oxidativa (BRANDO-
LIMA et al., 2005). Outros estudos também demonstraram que a frutalina afeta
negativamente a proliferagao de células HeLLa em concentragdes de 60, 100 e 144 pg/mL,
induzindo apoptose celular e inibindo a proliferacdo celular, com potencial acéo
anticancerigena (OLIVEIRA et al., 2011). No entanto, os efeitos da frutalina durante as
etapas de maturacdo oocitéria e fertilizacdo in vitro na espécie suina ainda ndo sao
conhecidos.

No inicio da fertilizag&o, é necessario que as proteinas da membrana espermatica
reconhecam os carboidratos localizados na zona pellcida (ZP) dos od6citos, para que
ocorra a penetragcdo (BEN-YOSEF; SHALGI, 2001). Nos suinos, esta interagéo proteina-
carboidrato ocorre através da manose e da galactose (YONEZAWA et al., 2005). Nesse
contexto, acredita-se que a frutalina tenha capacidade de se unir a esses carboidratos na
ZP e reduzir a penetracdo de espermatozoides durante a fertilizagdo em mamiferos,
diminuindo os niveis de polispermia, que € considerado um problema para a fertilizagéo
in vitro na espécie suina (COY et al., 2008; ZHANG et al., 2012). Considerando que a
maturacdo oocitaria é o evento chave para o sucesso da fertilizacéo in vitro, é de grande
importancia avaliar os efeitos de diferentes concentragdes de frutalina durante a
maturacdo in vitro, especialmente devido ao fato desta substancia apresentar efeitos
toxicos quando utilizada em altas concentracbes (SOARES et al., 2018).

A utilizacdo de biotécnicas como a maturacdo in vitro e fertilizacdo in vitro para
testes de substancias traz importantes consequéncias ao bem-estar animal, uma vez que
milhares de animais serdo poupados de serem utilizados em experimentos/testes no que
concerne aos testes in vivo (FIGUEIREDO, 2008). A espécie suina ¢ um modelo animal
bastante utilizado para odcitos humanos em testes de toxicidade (GERRITSE et al., 2008;
MUNN et al., 1986). Além disso, a vantagem de utilizar ovarios de porcas é que 0s
ovarios sdo obtidos a partir de animais em idade semelhante, raca e nutricdo controladas.
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4 HIPOTESES

1) Os efeitos toxicos da frutalina durante a maturacgéo e fertilizacéo de o6citos in vitro séo

dependentes das concentragdes utilizadas.

2) A frutalina possui menor citotoxidade do que a doxorrubicina (controle positivo) sobre

o0citos suinos maturados e fertilizados in vitro.

3) A frutalina, em baixas concentracGes, diminui as taxas de penetracdo espermatica por

sua ligacdo a carboidratos presente na zona pellcida de o6citos suinos.
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5 OBJETIVOS

5.1 Objetivos gerais

Avaliar os efeitos da frutalina em diferentes concentracdes (0,6; 6 e 60 pg/mL), durante

a maturacao in vitro (MIV) e fertilizacao in vitro (FIV) de 00citos suinos.

5.2 Objetivos especificos

1) Analisar os efeitos de diferentes concentrac6es de frutalina (0,6; 6 e 60 pg/mL) sobre
a configuracdo da cromatina e eficiéncia da maturacéo nuclear durante a MIV.

2) Analisar os efeitos de diferentes concentracgdes de frutalina (0,6; 6 e 60 pg/mL) durante
a MIV sobre os parametros de FIV, ou seja, taxas de penetracdo, monospermia,
eficiéncia da FIV e nUmero espermatozoides por o0citos.

3) Analisar os efeitos da frutalina (0,6; 6 e 60 pg/mL) durante a FIV, sobre as taxas de

penetracdo, monospermia, eficiéncia da FIV e do nimero espermatozoides por odcitos.
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ABSTRACT

Frutalin is a lectin extracted from the seeds of Artocarpus incisa, which belongs to the
Moreacae family. This family consists of approximately 75 genera and 1,550 tropical
species that are commonly found in pan-tropical regions. Frutalin has attracted the
attention of researchers due to its ability to recognize carbohydrates in cell membranes
with modifications in the glycosylation pattern. Therefore, frutalin presents a striking
potential to be used as biomarker of cancer cells. Despite having a great biotechnological
potential, research involving this lectin is still limited. Thus, the aim of this review is to
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discuss the structural and functional characteristics of frutalin, properties, the mechanisms
of action, as well as the biotechnological applications of this lectin.

Keywords: Artocarpus incisa, frutalin, toxicity.

1 Introduction

Lectins are glycoproteins of nonimmune origin, which have at least one non-
catalytic domain that allows them to selectively recognize and bind to specific mono and
oligosaccharides in a reversible manner (Peumans and VVan dame 1995). These proteins
have the particular ability to discriminate glycoconjugate complexes without promoting
modifications in the molecular pattern (Hirabayashl et al. 2011).

The lectins are found on a large scale in a variety of living organisms, such as in
plants (Carvalho et al. 2015), vertebrates (Zhang 2016) and invertebrates (Bauters et al.
2017). In addition, to have different shapes and sizes, lectins play several important
biological roles (Gallego Del Sol et al. 2005). Among the biological functions, it is
possible to mention the participation in the process of cell-cell recognition during
fertilization, defense and cellular organization, as well as in the transport of carbohydrates
and its fixation in the tissues (Kan et al. 2008; Jiang et al. 2006; Silva et al. 2008; Yoon
et al. 2008; Han et al. 2010).

Among the lectins, frutalin (FTL) is extracted from the seeds of Artocarpus incisa
L. This lectin has a tetrameric form and a-D-galactose specific link (Monteiro-Moreira et
al. 2015). Then, due to its binding characteristics, FTL can recognize and fix to cell
membranes, and even penetrate into the cell nucleus, influencing cell-cell interactions,
communication, proliferation, and cell death mechanism (Sharon 2004; Oliveira et al.
2011). Accordingly, many biological activities have already been reported for this lectin,
such as acute and neuropathic nociceptive effects (Damasceno et al. 2016), induction of
neutrophil migration in vitro and in vivo, induction of chemotaxis, reorganization of the
cytoskeleton of human neutrophils, cellular motility, and oxidative response (Roche et al.
2006). In addition, studies have shown that FTL can be used in the diagnosis of prostate,
breast and thyroid cancer, as well as acute lymphoblastic leukemia (Oliveira et al. 2009).
However, even with a prodigious biotechnological potential, little attention has been
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given to FTL. Thus, the objective of this review was to discuss the structural and the
functional characteristics of FTL, its mechanisms of action, as well as its promising

biotechnological applications.

2 Characteristics and structural aspects of frutalin

Artocarpus incisa is a medium-sized tree, up to 15 meters in height, with deep
roots and a smooth gray bark stem with 80 to 90 cm in diameter. It has large leaves (30
to 90 cm long by 30 to 45 cm wide), varying in simple, coriaceous, curved at the base,
cut in 5 to 7 wolves, rarely whole, and dark green color. Its flowers do not have petals
and are very small (Moreira 1998).

Several lectins have already been isolated and characterized from Artocarpus
incisa. As example, the frutapin, a specific mannose lectin that shares many similarities
to the lectins extracted from Artocarpus intregrifolia (Monteiro 1997). Furthermore, FTL
was extracted from the breadfruit, which is a glycoprotein alpha-D-galactose binding
lectin containing 2.1% of carbohydrates in its structure. This lectin exhibits high levels of
acid, hydroxylated and hydrophobic amino acids and low content of sulfuric amino acids
(Monteiro 1998).

The FTL is a tetrameric protein, with a molecular mass of 48 KDa, and a tetramer
conformation only at alkaline pH of 10, containing 153 aminoacids per monomer
(Moreira 1998). Depending on the medium, the predominant three-dimensional shape is
the antiparallel B-sheet (64%) containing four a-D-galactose binding sites, and it can be
classified as hololectin. Its structure was described by Nepomuceno (2008) through
homology modeling using the jacalin as a template protein. Previous studies demonstrated
its three-dimensional structure through crystallization and analysis of data obtained by x-
ray diffraction, showing that the FTL has in each monomeric unit a symmetric 3 prism
with three groups of four B-sheets each (Vieira-Neto 2015). The carbohydrate recognition
site is similar to the observed for jacalin, and is involved in the N-terminal region of the
a chain, presenting a characteristic folding of the family Moraceae. The FTL binding site
consists of a cavity near the N-terminal of the a chain, formed by four key residues:
Gly25, Tyrl46, Trpl47, and Asp149. Recent studies performed by Pereira et al. (2015)

led to the determination of the crystallographic structure of the FTL, and showed that it
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is expressed in different isoforms, which presents variances mainly in post-transductional

glycosylation (Figure 1).

Figure 1 - Crystallographic structure of the lectin frutalin. Each color represents
the four monomers.
Source:PDB: Cod. 4WOQOG (Pereira et al. 2015)

The protein FTL is fairly stable and the thermal denaturation triggers almost
simultaneously a loosening of the tertiary structure, loss of hemagglutinating activity, and
organization of secondary structure. When treated at different pH values, FTL only shows
significant modifications at the secondary and tertiary structure levels, and only at pH 12.

In addition, chaotropic agents are capable of denaturing FTL (Monteiro 1998).

3 Main biological activities of frutalin

3.1 Frutalin as a biomarker of neoplastic cells

Some aberrant changes in the plasma membrane glycosylation pattern are
common in malignant cells, which can influence cell growth and differentiation. Previous
studies showed the presence of endogenous lectins (galectins) only in precursor lesions
and carcinomas (Schoeppner et al. 1995; Lalwani et al. 1996). On the other hand, with
the use of vegetable lectins, such as FTL, it is possible to highlight changes in cellular

glycoconjugates. Furthermore, during transformation and neoplastic progression, there is
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a specific reorganization of glycoproteins present on the cell surface, exposing a-D-
galactose residues to an interaction with FLT (Brockhausen 1999). Due to these changes
in the glycosylation pattern in cell membranes, a particular fixation of FTL to a-D-
galactose has been tested with the purpose of identifying malignant cells (Figure 2). As
aforementioned reported by Ferreira (2001), the efficiency of FTL to identify malignant
lesions in the breast demonstrated an ability to mark the neoplastic tissues predominantly
in the cell membranes. As a result, a low intensity of cytoplasm penetration has been
observed, with the increase in tumor progression. Likewise, Milhome (2003) used FTL
in the study of human thyroid cancer, and concluded that FTL is an excellent marker for
malign and benign cell differentiation in thyroid lesions, acting like galectin 3- labeling,
an endogenous lectin biomarker of cancer cells.

Previous studies using FTL for the detection of cells associated with Hodgking
lymphoma were performed by Constancio et al. (2005). It was observed that FTL can be
used to detect Reed Sternberg (RS) cells, which are cells commonly associated with
Hodgking lymphoma. The FTL was also used to identify malignant cells of the human
prostate cancer by the immunohistochemistry technique. It was described that the native
FTL was compared to the recombinant form, which is obtained by using the expression
system of Pichia pastoris. As a consequence, after analysis of 20 cases of prostate
carcinoma, and 25 cases of benign prostatic hyperplasia, the results showed that native
and recombinant FTL have different binding responses in the prostatic tissues, due to their
disparities in carbohydrate binding affinities. This is explained by the molecular
modifications found between native and recombinant FTL. Therefore, it has been
demonstrated that both lectins can be used as histochemical biomarkers for prostate
cancer (Oliveira et al. 2009).

Recently, the potential of FTL for the premature diagnosis followed by treatment
of acute B-cell lymphoblastic leukemia in vivo has been investigated (Cavalcante et al.
2016). It was conducted the proteomic analysis of serum from pediatric patients with
acute B-cell lymphoblastic leukemia (B-ALL) to identify viable biomarkers for using in
early diagnosis and treatment evaluation. From this study, a panel of possible biomarkers
of proteins were developed for the pre-diagnosis of B-ALL and FTL demonstrated great
potential for detection of this pathology. In addition to bind cancer cells, FTL can have
numerous biotechnological applications in this area. As for example, the use as
carbohydrate binding probes on the cell surfaces. In addition, it can be used as tumor-
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specific markers with the production of neoglycoproteins, neoglycoenzymes,
pseudopolysaccharides, and anti-lectin antibodies, which may be associated with
radioisotopes, enzymes, fluorochromes, biotin, anticancer drugs, cytotoxins and

oligonucleotides.
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Figure 2 — Representation of the interaction between lectin-carbohydrate on the cell
surface.
Source: Adapted from Sharom and Lis (2004)

3.2 Mechanisms of frutalin action and biotechnological applications

Frutalin specifically binds to homotetrameric o-D-galactose (d-Gal), which
activates natural Killer cells in vitro and promotes leukocyte migration in vivo. Lectins are
potent lymphocyte stimulators (Brando-Lima et al. 2006), and the understanding of the
interactions that occur between the molecules in the cell surfaces may aid to elucidate the
mechanisms of action involved in this process.

Brando-Lima (2006) verified how FTL is capable of inducing changes in the
cytoskeleton and cellular motility. Then, the authors reported that the interaction of FTL
with a-D-galactose in lymphocyte membranes triggers the activation of the PI3K-Akt and

NF-Nb pathways, which modulates T-cell expression and proliferation, I1L-2 synthesis,
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and expression of IL-2R. In addition, the authors demonstrated that FTL promotes cellular
oxidation by increasing H2O, production. Moreover, it is known that H.O, causes
significant mitochondrial damage, lipid peroxidation, and apoptosis in mouse granulosa
cells (Tanabe 2015). In this context, Soares et al. (2018) reported the effects of FTL (0.6,
6.0 or 60.0 ug / mL) and doxorubicin (0.3 ug/mL) on the survival, growth, and
ultrastructure of in vitro cultured goat secondary follicles. As main results, after 6 days
of culture, FTL or doxorubicin reduced the percentage of normal follicles (P < 0.05),
nonetheless doxorubicin showed greater toxicity when compared to FTL. The deleterious
effects of FTL were mainly on granulosa cells, whereas doxorubicin caused degeneration
in granulosa and oocyte cells. Besides, a study conducted by the same group,
demonstrated the effects of FTL (1, 10, 50, 100, and 200 ug/mL) on the morphology of
primordial follicles, ultrastructure, and gene expression in goat ovarian tissue cultured in
vitro. These authors showed that 50 ug/mL FTL negatively affects follicle and
ultrastructurel and a large number of vacuoles were distributed throughout the oocyte
cytoplasm, and signs of damage to mitochondrial membranes and ridges were also
observed (Soares et al. 2018).

Oliveira et al. (2011) tested both native and recombinant FTL and showed that it
can be completely internalized and activate apoptotic pathways in HelLa cells. In this
study, the authors verified through imonolocalization technique, that native FTL can
penetrate into the perinuclear space, where the fluorescence was most evidenced.
However, the analysis of recombinant FTL had greater fluorescence found in the nucleus
of HelLa cells. It is relevant to clarify that high FTL concentrations are correlated with
more toxicity.

The effect of FTL on diseases of the central nervous system was also investigated
by means of neurobehavioral evaluations of mice, aiming to analyze the potential of FTL
as anxiogenic and antidepressant. Since several pathways can be involved in depression,
many evidences have associated depression symptoms with a dysfunction in
glutamatergic signaling, especially the hyperactivation of N-methyl-D-aspartate
(NMDA) receptors. In this context, antagonists of these receptors have been showed
antidepressant action. Studies revealed that after intraperitoneal administration of FTL in
mice, this substance produces an attenuation of the neurobehavioral effects mediated by
both N-methyl-D-aspartate (NMDA) and L-Arginine /NO /cGMP receptors in vivo and
in silico (Sanacora et al. 2011). Furthermore, in other study performed by Jacques (2012),
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FTL demonstrated neuroprotective activity against glutamatergic neurotoxicity in a
model of hippocampal slices of mice treated in vitro with glutamate. In this context, it
was verified of FTL could reverse the scenario of depression through the glutamatergic
pathway.

Recently, Damasceno et al. (2016) have shown that FTL has antinociceptive
activity, indicating a possible interference with the glutamatergic system through its
interaction with transient potential receptor 1 (TRPV1), suggesting that the effect of FTL
on glutamate induced nociception occurs due to reduction of glutamate release via
TRPV1 channel blockade. FTL acts as an antagonist of the TRPV1 channel leading to a
reduction in the release of glutamate. In addition, other receptors showed a role for
TRPAL and TRPMS8. Abdon et al. (2009) verified the effect of FTL against gastric
damage induced by ethanol. It was reported that FTL have protective effects against
gastric damage induced by ethanol. In addtition, FTL decreases gastric lesions through
its action in stimulating endogenous prostaglandins, nitric oxide, and opening of ATP and
K* channels. However, FTL failed to prevent ethanol-induced changes in meaning
glutathione (GSH) and malondialdehyde (MDA). Hence, FTL may be a good therapeutic
agent for the development of new drugs for the treatment of gastric ulcer.

6 Final considerations

Frutalin has several biological activities such as antinociceptive, antitumor,
gastroprotective, cytotoxic and the ability to recognize cancer cells, thus presenting an
excellent biotechnological potential, especially in the area of toxicity and diagnosis of

cancer cells. However, more studies are required to qualify the clinical use of this lectin.
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ABSTRACT
The aim of the present study was to evaluate the effect of frutalin (FTL) on in vitro
maturation (IVM), and fertilization (IVF) of pig oocytes. In the Experiment 1, cumulus-
oocyte complexes (COCs) were submitted to IVM in maturation medium alone or
supplemented with different FTL concentration (0.6, 6 and 60 ug/mL), or 0.3 ug/mL
doxorubicin (DXR). After IVM, some oocytes were evaluated for chromatin
configuration, and the remaining oocytes were submitted to in vitro fertilization. In
Experiment 2, matured oocytes were fertilized in IVF medium alone (control) or in
presence of different FTL concentration (0.6, 6 and 60 pg/mL), or 0.3 pug/mL DXR. After
18 h post fertilization, the endpoints penetration rate, monospermy, spermatozoa per
oocyte, and the IVF efficiency were evaluated in both experiments. In Experiment 1, 6
and 60 pug/mL FTL, as well as DXR increased (P < 0.05) the rate of oocytes with abnormal
chromatin configuration when compared to oocyte matured in control medium alone or
supplemented with 0.6 pg/mL FTL. The percentage of meiotic resumption in oocytes
cultured with 60 ug/mL FTL or DXR was less (P < 0.05) than in the other treatments.
Moreover, oocytes matured with 6 or 60 pg/mL FTL and DXR had a lesser IVM
efficiency when compared to those matured with 0.6 pg/mL FTL or in control medium.
Additionally, there was a greater (P < 0.05) with culture in a medium containing 6 pg/mL
FTL for the rate of partenogenetically activated oocytes when compared with the other
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treatments. Culturing of COCs during IVM in a medium containing 6 or 60 FTL resulted
in a lesser (P < 0.05) sperm penetration and spermatozoa/oocyte rates when compared to
other treatments, and IVF efficiency was less (P < 0.05) than that in control medium alone
or with a medium containing 0.6 pg/mL FTL. In Experiment 2, culturing in a medium
containing 0.6 pg/mL FTL resulted in greater (P < 0.05) monospermy and IVF efficiency
rates when compared to culturing in the control medium. In addition, culturing in a
medium with 6 and 60 ug/mL FTL resulted in a lesser (P < 0.05) spermatozoa penetration,
sperm/oocyte rates and IVF efficiency, although there were greater (P < 0.05)
monospermy rates. In conclusion, culturing in a medium containing 0.6 pg/mL FTL
resulted in lesser spermatozoa penetration rates and number of spermatozoa/oocyte
increasing the IVF efficiency without harmful effects. Use of a greater concentration of
FTL in the medium has toxic effects during oocyte maturation and results in a reduced
IVF efficiency.

Keywords: Artocarpus incisa; Frutalin; In vitro maturation; In vitro fertilization
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1. Introduction

Frutalin (FTL), a lectin with a-D-galactose-specific binding sites, is isolated from
the seeds of Artocarpus incisa L., a widely-distributed plant belonging to the Moreacae
family (Moreira et al., 1998; Monteiro-Moreira, et al., 2015). Lectins, like FTL, are
proteins from non-immune origin, i.e., are not produced in response to an immune
stimulation, and bind specifically and reversibly to free sugars or residues of
glycoconjugates (Van Damme, et al., 1998). Coupled with an a-D-galactose binding
specificity, FTL can bind to cell membranes, and even penetrate into the cell nucleus,
influencing cell-to-cell interactions, proliferation, and cell death (Sharon and Lis 2004;
Oliveira, et al., 2011). Moreover, some biological activities have already been described
for this lectin. Brando-Lima et al. (2005) observed that FTL induces in vivo and in vitro
migration of neutrophils, chemotaxis induction, and reorganization of cytoskeleton,
interfering with cellular motility and oxidative response. Furthermore, studies have
shown that FTL negatively affects HeLa cell proliferation at concentrations of 60, 100
and 144 ug/mL, inducing cellular apoptosis, and inhibiting cell proliferation, having a
potential anticarcinogenic action (Oliveira, et al., 2011). It, however, is known that many
drugs used to treat cancer, such as doxorrubicine (DXR), can be a deleterious to oocyte
integrity, and consequently affect processes like maturation and consequently impairing
fertilization. Recently, Soares et al. (2018) reported there was an increase in the
expression of pro-apoptotic genes with a detrimental effect on oocyte and primordial
follicle morphology after FTL treatment in in vitro culture of goat ovarian cortical tissue.
The oocyte integrity is an important factor to reach the competence for maturation and
fertilization (Roth and Hansen, 2005).

During oocyte fertilization, spermatozoa membrane proteins recognize
carbohydrates located in the zona pellucida, which is an important aspect of spermatozoa
penetration (Ben-Yosef and Shalgi, 2001). In pigs, this protein-carbohydrate interaction
occurs through mannose and galactose (Yonezawa et al., 2005). In swine, penetration of
oocytes by more than one spermatozoon affects approximately 50% of in vitro fertilized
oocytes (Coy et al., 2008, Zhang et al., 2012). Consequently, the in vitro production of
pig embryos from genetically superior animals or endangered breeds is hampered (Coy
and Romar, 2002). The use of excessive numbers of spermatozoa during in vitro
fertilization (IVF) is one cause for the relatively greater incidence of polyspermy (Suarez
et al., 2007). Reduction in the concentration of spermatozoa used for IVF decreases
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polyspermy, but it also reduces IVF efficiency (Abeydeera and Day 1997). Thus, it is
very important to study the effects of substances that regulate interaction between
spermatozoa and carbohydrates in the zona pellucida, especially in reduction of the
incidence of polyspermy in pigs. We have hypothesized that FTL, at relatively lesser
concentrations, would have no toxic effects on pig oocytes.

To the best our knowledge, there is no information about the effects of FTL in
binding to carbohydrates of the ZP and in blocking spermatozoa penetration during
fertilization in mammals, including pigs. The aim of the present study, therefore, was to
investigate the effect of FTL on IVM, as well as its effect on IVF in pig oocytes, using
the following end points: (i) normal chromatin configuration, (ii) meiotic resumption rate,
(iii) maturation efficiency, (iv) penetration rate, (v) monospermy, (vi) number of

spermatozoa/oocyte, and (vii) IVF efficiency.

2. Materials and methods

2.1. Chemicals

Unless otherwise indicated, the chemicals used in the present study were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). The recovery and washing
medium for cumulus-oocyte complexes (COCs) was Dulbecco’s phosphate-buffered
saline medium (DPBS) composed of 136.89 mM NaCl, 2.68 mM KCI, 8.1 mM NazHPO4
and 1.46 mM CaCl;-2H>0 supplemented with 4 mg/mL bovine serum albumin (BSA),
0.34 mM sodium pyruvate, 5.4 mM D-glucose and 70 pg/mL kanamycin (mDPBS). The
maturation medium (TCM-199%) was modified-TCM199 supplemented with 100 uM
cisteamine, 10 ng/mL epidermal growth factor and fertilization medium (IVF medium)
was a modified Tris-buffered medium, as previously described (GIL, et al., 2003).
Briefly, this medium consisted of 113.1 mM NaCl, 3 mM KCI, 7.5 mM CaCl;-2H;0, 20
mM Tris (crystallized free base), 11 mM glucose, 5 mM sodium pyruvate supplemented
with 2 mM caffeine, and 0.2% BSA fraction V. The embryo embryonic culture medium
was NCSU-23 supplemented with 0.4% BSA (Abeydeera and Day, 1997).
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2.2. Isolation of FTL from Artocarpus incisa

The mature seeds from A. incisa were cutted into small fragments, dried in acetone
(P.A), and a fine powder was obtained using a coffee mill. The powder was incubated in
phosphate-buffered saline (PBS, pH 7.4) at 1:10 ratio (w/v) at room temperature
(approximately 25 °C) with continuous stirring for 2 h before the centrifugation at
10,000x g for 20 min at 5 °C. The supernatant (crude extract) was precipitated with
ammonium sulfate (0%-90% saturation, F0/90), and centrifuged at 12,000x g for 30 min
at 5 °C. The pellet was suspended and dialyzed in PBS. The protein solution (FO/90) was
applied to an agarose-D-galactose column (8 x 1 ¢cm) and equilibrated with the same
buffer. Thereafter, the unbound material was removed, and the frutalin was eluted with
100 mM D-galactose in an equilibrium solution. The presence and purity of the lectin in
the pooled fractions were checked by SDS-PAGE 15%, according to its molecular weight.
The fractions containing pure frutalin were dialyzed against PBS, and concentrated in 10
KDa Amicon® (Millipore) tubes. Details of isolation and purification methods were

previously described by Moreira et al. (1998).

2.3. Experimental design

2.3.1. Experiment 1: Effect of FTL on IVM of pig COCs and subsequent IVF

The ovaries were obtained from prepuberal females at a local slaughterhouse, and
transported to the laboratory in 0.9% NaCl with 70 pg/mL kanamycin, at 33 °C within 1
h. Then, COCs were aspirated from medium-sized follicles (3 to 6 mm in diameter) using
a 10 mL disposable syringe connected to an 18 gauge needle. The COCs with a compact
cumulus mass, and a dark granulated cytoplasm were selected and washed three times in
maturation medium for IVM.

Immediately after recovery, COCs were randomly allocated into five treatments as
follow: 1) TCM 199" (control), or supplemented with different concentration of FTL II)
0.6 pg/mL (0.6 FTL); 1) 6.0 pg/mL (6 FTL) or IV) 60.0 pg/mL (60 FTL) and V) 0.3
pug/mL doxorubicin (DXR). For IVM, 50 to 60 oocytes were transferred into each well of
a 4-well multidish (Nunc, Roskilde, Denmark) containing 500 pL of maturation medium
supplemented with 10 Ul/mL pregnant mare's serum gonadotropin and 10 Ul/ human
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chorionic gonadotropin for 22 h. The COCs were subsequently incubated for another 20
to 22 h in maturation medium without hormones. Oocyte maturation was carried out at
39 °C in a humidified atmosphere of 5% CO: in air. After IVM, COCs were mechanically
denuded and washed twice in maturation medium without hormones. Some denuded
oocytes were randomly selected to assess IVM variables. The remaining oocytes were
submitted to I\VVF. Briefly, groups of 30 denuded oocytes were placed in 50 pL drops of
IVF medium in a 35x10 mm Petri dish under mineral oil, and held at 38.5 °C in an
atmosphere of 5% CO: in air for approximately 30 min until the addition of spermatozoa.
A pool of freshly ejaculated semen diluted in extender from three boars with proved
reproductive efficiency was obtained from a local breeding station. The semen was
subsequently washed three times by centrifugation at 1900 x g for 3 min in mDPBS and
the resulting pellet was re-suspended in IVF medium. The spermatozoa suspension (50
uL) was added to a drop of IVF medium containing the oocytes. The oocyte/spermatozoa
ratio was 1:2000. Hence, the gametes were co-incubated at 38.5 °C in a humidified
atmosphere of 5% CO- in air for approximately 4 h. Presumptive zygotes were removed
from the IVF medium, and washed three times in NCSU 23 culture medium. The zygotes
were transferred to a 4-well plate (30 oocytes /well) with 500 pL of culture medium. At
18 h post-insemination, presumptive zygotes were fixed to evaluate the fertilization

variables.

2.3.2. Experiment 2: Effect of FTL on IVF of in vitro matured oocytes

Oocytes were matured in vitro as previously described, however, in the absence
of frutalin. Oocytes were then randomly assigned to five treatment groups: I) IVF medium
alone (control) or supplemented with different concentration of FTL II) 0.6 pg/mL (0.6
FTL); 1) 6 pg/mL (6 FTL) or 1V) 60 pg/mL (60 FTL) and V) 0.3 pg/mL doxorubicin
(DXR).

2.4. Assessment of IVM and IVF variables

After 44 h and 18 h post-isemination., to evaluate IVM and IVF variables
respectively, denuded oocytes were washed in PBS-BSA, and incubated in 500 pL
droplets containing 0.5% glutaraldehyde and 10 uM Hoechst 33342 for 15 min. Oocytes
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were subsequently mounted on a glass slide and examined under a fluorescence
microscope (Nikon, Eclipse 80i, Tokyo, Japan) for evaluation of chromatin configuration
in IVM and IVF. The chromatin configuration patterns used to assess IVM variables were
the following: abnormal chromatin configuration, meiotic resumption, metaphase | and
metaphase Il. Abnormal chromatin configuration was defined as oocytes with nuclear
pyknosis or condensed chromatin, or pseudo “non surrounded nucleolus-to-surrounded
nucleolus” (NSN-NS) transition reminiscent (Lin et al., 2016). Meiotic resumption was
defined to have occurred when the nucleus was in the germinal vesicle break down
(GVBD), metaphase | (MI), metaphase Il (MII) or activated oocyte stage. Oocytes were
considered activated when each contained one or two well-developed pronuclei. The IVM
efficiency was calculated as the number of oocytes in metaphase 1l stage/total oocytes
cultured.

The endpoints to assess the IVF variables were: spermatozoa penetration rate
(oocytes with one or more swollen spermatozoa heads and/or male pronuclei and two
polar bodies (penetrated oocytes)/total of matured oocytes); monospermy rate (oocytes
with only one male pronucleus/total penetrated oocytes); IVF efficiency (number of
monospermy oocytes/total oocytes fertilizated); number of spermatozoa/oocyte (mean

number of spermatozoa per penetrated oocytes).

2.5. Statistical analysis

Statistical analyses were performed using Sigma Plot 11.0 software (Systat
Software Inc., USA). The Shapiro-Wilk test was used to evaluate the data distribution.
All the endpoints were represented as percentages, and the comparison among treatments
were evaluated by chi-square and Fisher's test. Values were considered significant when
P < 0.05.

3. Results

3.1. Experiment 1: Effect of FTL on IVM of pig COCs and subsequent IVF

The data for effects of FTL on IVM and subsequent IVF are included in Tables 1

and 2. The results indicated that inclusion of 6 and 60 pug/mL FTL in the medium, as well
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as DXR increased (P < 0.05) the incidence of abnormal chromatin configuration of
oocytes when compared to those matured in a medium containing 0.6 pg/mL FTL or the
control medium. Characteristics of oocyte chromatin configuration after 44 h of in vitro
maturation are displayed in Figure 1. To determine meiotic resumption, only oocytes with
normal chromatin configuration were used. The percentage of meiotic resumption with
inclusion of 60 pg/mL FTL or DXR the medium was less (P < 0.05) than that for the
other treatments. Moreover, culturing with 6 and 60 pg/mL FTL or DXR in the medium
resulted in lesser maturation rates and I\VM efficiency when compared to oocytes matured
when culturing in medium containing 0.6 pg/mL FTL or in control medium, thus, both
rates decreased with increasing concentrations of FTL. Surprisingly, the inclusion of 6
pug/mL FTL in the culture medium resulted in a greater (P < 0.05) rate of oocyte activation
when compared with the other treatments. Culturing of COCs during IVM in the medium
containing 6 or 60 pg/mL FTL resulted in lesser (P<0.05) spermatozoa penetration and
spermatozoa/oocyte rates compared with culturing in the medium containing 0.6 pg/mL
FTL and the control medium, however, IVF efficiency was less (P > 0.05). In addition,
there were no significant differences in results with use of the control medium and with
inclusion of 6 pg/mL FTL to the medium for all IVF variables studied (i.e., spermatozoa

penetration, monospermy, IVF efficiency and number of spermatozoa/oocyte; P > 0.05).

5.2. Experiment 2: Effect of FTL on IVF of in vitro matured oocytes

Data are included in Table 3 for the effect of FTL on IVF of in vitro matured
oocytes after 18 h post-insemination. The spermatozoa penetration rate was greater in the
control group when compared with oocytes cultured in a medium with different
concentrations of FTL. When 0.6 pg/mL FTL was included in the medium, there were
greater rates of monospermy (P < 0.05) and a greater IVF efficiency when compared with
other treatments. In addition, using 6 or 60 pg/mL FTL resulted in a lesser (P < 0.05)
spermatozoa penetration, spermatozoa/oocyte rates and IVF efficiency, although there

was a greater (P < 0.05) monospermy rate.
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4. Discussion

To the best of our knowledge, this is the first study to report the effects of different
concentration of FTL on oocyte maturation and fertilization in pigs. Frutalin is the most
abundant lectin in Artocarpus incisa seeds with several biomedical applications, such as
immunomodulatory effects, anti-tumor properties, tumor biomarker properties and
cytotoxicity actions (Oliveira et al., 2011; Brando-Lima et al., 2005, 2006).

After the 44 h of culture with FTL during IVM, a dose dependent increase in the
incidence of oocytes having abnormal chromatin configuration was observed. Moreover,
and similarly, the greater concentration of FTL in the medium (60 pg/mL) negatively
affected other VM variables such as MlII rate and maturation efficiency. Consistent with
the present results, Oliveira et al. (2011) reported that 60 ug/mL FTL induced apoptosis
in Hela cells in vitro. In addition, cytotoxicity of FTL was also observed in goat
primordial follicles when concentrations from 50 to 200 pug/mL FTL were used in the
medium (Soares et al., 2018). Previous studies indicate that FTL binds to a-D-galactose
in cell membranes and induces a marked oxidative increase, which in turn stimulates
intracellular production of H2O, (BRANDO-LIMA, et al., 2005). As reported by Tanabe
(2015), relatively greater concentrations of H.O. may lead to mitochondrial damage, lipid
peroxidation and apoptosis in mice granulosa cells, consequently affecting the
communication between oocytes and granulosa cells, which is essential for oocyte
maintenance and survival (Bilodeau-Goeseels, 2011). Including FTL (0.6 pg/mL) in the
medium for culturing of COCs during IVM resulted in no harmful effects on IVM
variables in the present study, and did not affect IVF variables. In other studies, inclusion
of lesser concentrations of frutalin in the culture medium had no toxic effects on Hela cell
lines (18 pg/mL - Oliveira et al., 2011) or goat ovarian follicles (1 pg/mL; Soares, et al.,
2018).

Surprisingly, there was a relatively greater rate of partenogenetically in activated
oocytes after maturation in medium supplemented with 6 pg/mL FTL. In mammals, the
parthenogenesis or activation can occur through the use of agents (e.g., calcium
ionophore, strontium and thimerosal) that cause oscillations of intracellular or
extracellular calcium concentrations. Results of the present study support the hypothesis
that FTL binds to the ZP and penetrates the oocyte, increasing intracellular Ca?*, which
could activate the P3IK/Akt signaling pathway (Brando-Lima, et al., 2005).
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Consequently, the active form of Akt can induce rapid cell progression of responses that
occur naturally when oocytes are activated, such as increased calcium concentrations,
decreased MPF concentrations, and ultimately lead to parthenogenetic activation.
Additionally, in vitro parthenogenetic activation in pig oocytes can be induced by nitric
oxide (NO; Petr et al., 2005). Considering the results reported by Araujo et al. (2018) NO
is probably a mediator of the effects of FTL, therefore, the possibility that FTL activation
of pig oocytes through the NO pathway cannot excluded.

Pig oocytes cultured in media that contained DXR during 44 h of IVM had the
most marked effects with regard to chromatin configuration, meiotic resumption rate and
maturation efficiency. Previous studies have been conducted to assess DXR actions by
altering the activity of intracellular or intra-mitochondrial oxidative enzymes, as well as
by enhancing binding to topoisomerases promoting dysfunction, and this has led to DNA
damage and apoptosis (Tokarska-Schlattner et al., 2006). These results confirm that the
greatest abnormal chromatin configuration was observed during IVM of pig oocytes
treated with DXR.

Interestingly, after 18 h of IVF, the oocytes incubated with 0.6 pg/mL FTL had
less spermatozoa penetration and greater monospermy rates which resulted in greater
efficiency of IVF. Although the polyspermic zygotes developed into embryos and
blastocysts were produced that were morphologically similar to monospermic blastocysts,
polyspermic-developed blastocysts did not develop into fetuses after embryo transfer
(Han, et al., 1999). Additionally, when increasing the concentrations of FTL, a
progressive reduction in spermatozoa penetration and increase in monospermy rate
occurred. Competition between frutalin and spermatozoa for the same binding sites can
explain these results. A lectin-ligand binding mechanism was previously described as a
possible polyspermy blocker (Hedrick, 2007). There have been previous reports that the
glycoproteins, ZPB (pZP3a) and ZPC (pZP3p), are the spermatozoa binding sites in the
oocyte membranes of pigs, revealing that the terminal (3-galactose residues function as
the ligand sites for spermatozoa binding (Yonezawa et al., 2005). Similarly, FTL
specifically binds to D-galactose residues, and is possibly linked to the residues of the
galactose found in oocyte ZP glycoproteins of pigs. Thus, the interaction between FTL
and D-galactose residues create a barrier for the spermatozoa, preventing from the
penetration into oocyte, and this could explain the occurrence of the reduction in
spermatozoa binding, penetration and the relatively greater monospermy rate observed in
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the present study. Previously, several attempts have been made to improve the success of
IVF in pigs, by using a combination of oviduct fluid and heparin (Batista et al., 2016),
and co-culturing spermatozoa with oviductal (Nagai and Moor, 1990) and follicle cells
(Wang et al., 1992). These techniques, however, are often laborious due to the need to
prepare the oviductal or follicular cells in an attempt to mimic in vivo conditions of the
ovary and oviducts.

In conclusion, inclusion of the relatively lesser concentrations of FTL (0.6 pg/mL)
in the medium in the present study resulted in reduced spermatozoa penetration rates and
increased IVF efficiency without any deleterious effects during IVF. The inclusion of
FTL in the medium at concentrations of 6 and pg/mL had harmful effects in a
concentration-dependent manner during IVM and subsequently IVF. These results
indicate there are possibilities for the use of lesser concentrations of FTL in the culture
medium to reduce the incidence of polyspermy during IVF in swine.
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Legends of tables and figures:

Table 1

Variables of IVM in pig COCs cultured in media for 44 h with different concentrations

of FTL and DXR during IVM

Table 2

Variables of IVF in pig oocytes cultured in media with different concentrations of FTL

and DXR during in vitro maturation after 18 of h post-insemination

Table 3

Variables of IVF in in vitro matured oocytes that were cultured in a medium with different

concentrations of FTL and DXR during IVF after 18 h post-insemination

Fig. 1. Characteristics of oocyte chromatin configuration after 44 h of in vitro maturation.
A) oocyte matured in control medium with normal chromatin; B) oocyte with abnormal
chromatin after maturation in presence of 60 pg/mL frutalin; C) oocyte with abnormal

chromatin after culturing in a medium that contained doxorubicin
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Table 1. Variables of IVM in pig COCs cultured in media for 44 h with different concentrations of FTL and DXR during IVM

Oocyte chromatin configuration M?]:['u ration
Abnormal Efficiency
Treatments  Total configuration Meiotic MII
- GVvBD MI (oocytes in Activated MII / total
resumption MIT)
(n) % % % % % % %
Control 467 16.0° 90.56 A 1.024 34.954 54,59 A i 45.824
(75/467) (355/392) (4/392) (137/392) (214/392) (214/467)
0.6 ETL 305 21.3P 86.67 ~ 2.924B 31.254 51.674 0.83 4 40.66 A
' (65/305) (208/240) (7/240) (75/240) (124/240) (2/240) (124/305)
6 ETL 510 39.8°¢ 87.62 4 3.58 8 9.458 39.74 B 34858 23.92°B
(203/510) (269/307) (12/307) (29/307) (122/307) (107/307) (122/510)
60 ETL 319 66.18 40.74 B 7418 i 18.52 ¢ 14.81°¢ 6,27°
(211/319) (44/108) (8/108) (20/108) (16/108) (20/319)
DXR 357 95.54 50.00 B ) ) 25.00 BC 25.00 B¢ 1,12°
(341/357) (8/16) (4/16) (4/16) (4/357)

ABCD Within a column, uncommon capital letters differed among treatments (P < 0.05).

* GVBD, MI, MlIl and activated oocytes.
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Table 2. Variables of IVF in pig oocytes cultured in media with different concentrations

of FTL and DXR during in vitro maturation after 18 of h post-insemination

IVF parameters

Total Penetration Monospermy IVF Eff

Treatments % % 0/(') ciency # SPZ / oocyte
Control 240 (fjé?fei) (257}%913) (114?53‘/1224/;) 333+0.17"
0.6 FTL 290 (fsgé?go/;) (ii)?ﬁsg) (11856}279/;) 31140147

oFTL 203 O ey ey | 197£010°
60FTL 300 4&'/11%8 71('54/%BC é'/%g) 1.28 +0.18 B
o e BB Ame Gl

ABC Distinct capital letters represent significant differences among treatments (P < 0.05).
n Total number of analyzed oocytes per treatment.

Table 3. Variables of IVF in in vitro matured oocytes that were cultured in a medium

with different concentrations of FTL and DXR during IVF after 18 h post-insemination

IVF parameters

Total Penetration Monospermy IVF Eff

Treatments % % %') ciency # SPZ [ oocyte
Control 245 (fggfsg) (igﬁég) (11gé%74/:3) 295+ 0157
06FTL 334 (Iji?f;g) (23}113118) (ffi?;;) 1.56+ 0.07®

oFTL a2 G5 sy (s 1182009
60FTL 298 (22}1133?) 5(319?5?63 (%:,66';;;;) 112+ 0.04
DXR 238 (52355,5/;) (?:1‘&13'/?2;) (113?6?213/;) 2.50+0.14°

ABCD Distinct capital letters represent significant differences among treatments (P <

0.05).

n Total number of analyzed oocytes per treatment.



Fig. 1. Characteristics of oocyte chromatin configuration after 44 h of in vitro maturation.
A) oocyte matured in control medium with normal chromatin; B) oocyte with abnormal
chromatin after maturation in presence of 60 pg/mL frutalin; C) oocyte with abnormal

chromatin after culturing in a medium that contained doxorubicin
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6 CONCLUSOES GERAIS

1) A utilizacdo de baixas concentragdes de FTL (0,6 ug/mL) em meio de FIV reduz a
incidéncia de polispermia, aumenta a eficiéncia da FIV e ndo apresenta efeitos nocivos

sobre 0s 00citos em suinos durante a MIV e a FIV.
2) Afrutalina, em altas concentracGes (6 e 60 ug/mL) em meio de MIV ou FIV, promove

alteracBGes degenerativas na cromatina dos o6citos suinos durante a MIV e influéncia

negativamente a FIV.
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7 PERSPECTIVAS

Os resultados obtidos no presente estudo abrem novas perspectivas para 0 uso
da FTL em baixas concentragdes em meio de FIV visando diminuir o indice de
polispermia durante a FIV e melhorar a producdo in vitro de embrides suinos. Estudos
adicionais sobre os efeitos da FTL durante as etapas de producéo in vitro de embrides
suinos, bem como durante o desenvolvimento embrionario posterior Sao necessarios para

a utilizacdo da frutalina nesta area.

63



8 REFERENCIAS

ABEYDEERA, L. R.; DAY, B. N. In vitro penetration of pig oocytes in a modified Tris-
buffered medium: effect of BSA, caffeine and calcium. Theriogenology; v.48, p.537—
544, 1997.

ABDON, A.P.V.; SOUZA, G.C.; SOUZA, L.N.C.; VASCONCELQOS, R.P.; CASTRO,
C.A.; GUEDES, M.M.; JUNIOR, R.C.P.L.; MOREIRA, R.A.; MONTEIRO-MOREIRA,
A.C.0.; CAMPOS, A.R. Gastroprotective potential of frutalin, a d-galactose binding
lectin, against ethanol-induced gastric lesions. Fitoterapia, v.83, p.604-608, 2012.

ANDERSON, L.L. Suinos In: HAFEZ, E.S.E. Reproducédo Animal. 6.ed. Sdo Paulo:
Editora Manole, p.348-364. 1995.

ARLOTTO, T.; SCHWARTZ, J.L.; FIRST, N.L.; LEIBFRIED, M.L. Aspects of follicle
and oocyte stage that affect in vitro maturation and development of bovine oocytes.
Theriogenology, v.45, p.943-956, 1996.

BATISTA, R.LT.P.; MORO, L.N.; ALMINANA, E.C.C.; SOUZA-FABJAN, J.M.G,;
FREITAS, V. J.F.; MERMILLOD, P. Combination of oviduct fluid and heparin to
improve monospermic zygotes production during porcine in vitro fertilization.
Theriogenology, v.86, p.495-502, 2016.

BEN-YOSEF, D.; SHALGI, R. Oocyte activation: lessons from human infertility.
Trends Mol Med., v.7, p.163-169, 2001.

BIASE, F.H.; EVERTS, R.E.; OLIVEIRA, R.; SANTOS-BIASE, W.K.F.; MERIGHE,
G.K.F.; SMITH, L.C.; MARTELLI, L.; LEWIN, H.; MEIRELLES, F.V. Messenger
RNAs in metaphase Il oocytes correlate with successful embryo development to the
blastocyst stage. Zygote, v.22, p.69-79, 2012.

BILODEAU-GOESEELS, S. Bovine oocyte meiotic inhibition before in vitro maturation
and its value to in vitro embryo production: does it improve developmental competence?
Reprod Domest Anim., v.47, n.4, p.687-693, 2011.

BYSKOV, A.G.; YDING-ANDERSEN, C.; HOSSAINI, A.; GUOLIANG, X. Cumulus
cells of oocyte—cumulus complexes secrete a meiosis activating substance when
stimulated with FSH. Mol Reprod., v.46, p.296-305, 1997.

BOUKANDOU, M.M.; MEWONO, L.; ABOUGHE, A.S. Toxicity studies of medicinal
plants used in sub-Saharan Africa. J. Ethnopharmacol, v.4, p. 618-27, 2015.

BLANCO, M.R.; DEMYDA, S.; MORENO MILLAN, M.; GENERO, E. Developmental
competence of in vivo and in vitro matured oocytes: A review. Biotechnology and
Molecular Biology Review, v.6, n.7, p.155-165, 2011.

BRANDO-LIMA, A.C.; SALDANHA-GAMA, R.F.; PEREIRA, C.R.; VILLELA, C.G,;
SAMPAIO, A.L.F.; MONTEIRO-MOREIRA, A.C.0.; HENRIQUES, M.G.M.O,;
MOREIRA, R.A.; BARJA-FIDALGO, C. Involvement of phosphatidylinositol-3 kinase—

64



Akt and nuclear fator kappa-B pathways in the effect of frutalin on human lymphocyte.
International Immunopharmacology, v.6, p.465-472, 2006.

BRANDO-LIMA, A.C.; SALDANHA-GAMA, R.F.; HENRIQUES, M.G.M.O;
MONTEIRO-MOREIRA, A.C.0.; MOREIRA, R.A.; BARJA-FIDALGO, C. Frutalin, a
galactose-binding lectin, induces chemotaxis and rearrangement of actin cytoskeleton in
human neutrophils: Involvement of tyrosine kinase and phosphoinositide 3-kinase.
Toxicology and Applied Pharmacology, v.208, p.145-154, 2005.

BREVINI, T.L.; CILLO, F.; ANTONINI, A.; GANDOLFI, F. Cytoplasmic remodeling
and the acquisition of developmental competence in pig oocytes. Animal Reproduction
Science, v.98, p.23-38, 2007.

CARVALHO, J.C.T. Fitoterapicos Anti-inflamatdrios. Ribeirdo Preto: Tecmed, 2015.

CAVALCANTE, M.D.E.S, et al. A panel of glycoproteins as candidate biomarkers for
early diagnosis and treatment evaluation of B-cell acute lymphoblastic leukemia.
Biomarker Research, p.4-1, 2016.

CONSTANCIO, A.P.N. Utilizagdo da frutalina, uma lectina a-D-galactose ligante de
Artocarpus incisa L., no estudo dos linfomas de Hodgkin forma cléssica. Dissertacdo
(Mestrado em Patologia) — Curso de Pds-Graduacdo em Patologia, Departamento de
Patologia e Medicina Legal, Universidade Federal do Ceard, 2005.

CONTI, E.; UY, M.; LEIGHTON, L.; BLOBEL, G.; KURIYAN, J. Crystallographic
analysis of the recognition of a nuclear localization signal by the nuclear import factor
karyopherin alpha. Cell, v.2, p.193-204, 1998.

COTICCHIO, G.; DAL CANTO, M.; MIGNINI RENZINI, M.; GUGLIELMO, M.C,;
BRAMBILLASCA, F.; TURCHI, D.; NOVARA, P.V.; FADINI, R. Oocyte maturation:
gamete-somatic cells interactions, meiotic resumption, cytoskeletal dynamics and
cytoplasmic reorganization. Hum Reprod Update, v.21, p.427-454, 2015.

COY, P.; CANOVAS, S.; MONDEJAR, |.; SAAVEDRA, M.D.; ROMAR, R;
GRULLON, L. Oviduct-specific glycoprotein and heparin modulate sperm—zona
pellucida interaction during fertilization and contribute to the control of polyspermy.
Proc. Natl. Acad. Sci., v.105, p.15809-14, 2008.

COY, P.; ROMAR, R. In vitro production of pig embryos: a point of view. Reprod Fertil
Dev., v. 14, p.275-86, 2002.

COX, J.F. Capacitacion espermatica para fertilizacion in vitro en ruminantes. Aspectos
basicos y aplicados. Third symposium on advanced topics in animal reproduction.
Proceedings, p.27-61, 1990.

CROCOMO, L.F.; MARQUE FILHO, W.C.; ULIAN, C.M.V.; BRANCHINI, N.S;;
SILVA, D.T.; ACKERMANN, C.L.; LANDIM-ALVARENGA, F.C.; BICUDO, S.D.
Effect of oil overlay on inhibition potential of roscovitine in sheep cumulus-oocyte
complexes. Reproduction in Domestic Animals, v.50, p.40-416, 2015.

65



CUIL, B,; LI, L.; ZENG, Q.; LIN, F,; YIN, L.; LIAO, L.; HUANG, M.; WANG, J. A novel
lectin from Artocarpus lingnanensis induces proliferation and Th1/Th2 cytokine secretion
through CD45 signaling pathway in human T lymphocytes. J Nat Med., v.2, n.71, p. 409-
421, 2017.

CUNHA, E.V.; COSTA, J.J.N; ROSSI, R.O.D.S.; SILVA, AW.B.; PASSOS, JR.S,
PORTELA, AM.L.R.; PEREIRA, D.C S.T.; DONATO, M.A.M.; CAMPELLO, C.C,;
SARAIVA, MV.A.; PEIXOTO, C.A,; SILVA, JR.\V.; SANTOS, R.P.
Phytohemagglutinin improves the development and ultrastructure of in vitro-cultured
goat (Capra hircus) preantral follicles. Brazilian Journal of Medical and Biological
Research, v.4, p. 245-252, 2013.

DAMASCENO, M.B, et al. Frutalin reduces acute and neuropathic nociceptive
behaviours in rodent models of orofacial pain. Chemico-Biological Interactions, v.256,
p.9-15, 2016.

DEW, E.V. In vitro maturation of the canine oocyte. 56 f. Thesis (Master of sciences) —
University of Georgia, 2001.

DODE, M.AN.; RODOVALHO, N.C.; UENO, V.G.; FERNANDES, C.E. The effect of
sperm preparation and time of co-incubation on in vitro fertilization of Bos indicus
oocytes. Animal Reproduction Science, v.69, n.1-2, p.15-23, 2002.

DURANTTHON, V.; WATSON, AlJ.; LONERGAN, A. Preimplantation embryo
programming: trascription, epigenetics, and culture environment. Reproduction, v.135,
n.2, p.141-150, 2008.

FAIR, T.; CARTER, F.; PARK, S.; EVANS, A.; LONERGAN, P. Global gene
expression analysis during bovine oocyte in vitro maturation. Theriogenology, v.68,
p.591-597, 2007.

FERREIRA, M.V.P. Frutalina, lectina a-D galactose ligante de Artocarpus incisa L: Um
novo marcador celular no estudo da progressao tumoral no cancer de mama humano. Tese
(Doutorado em Bioquimica) — Curso de P6s-graduacdo em Bioquimica, Departamento de
Bioguimica e Biologia Molecular, Universidade Federal do Ceara, 2001.

FERREIRA E.M.; VIREQUE A.A.; ADONA P.R.; MEIRELLES F.V. Cytoplasmic
maturation of bovine oocytes: Structural and biochemical modifications and
acquisition of developmental competence, v.71, p.836 —848, 2009.

FIGUEIREDO, J. R. Bioética: Repensando o uso das biotécnicas reprodutivas. Cienc.
Vet. Trop. 11, p. 116-118, 2008.

FIGUEIREDO, J. R. De; CELESTINO, J. J. D. H.; FAUSTINO, L. R.; RODRIGUES,
A. P.R. Invitro culture of caprine preantral follicles: Advances, limitations and prospects.
Small Ruminant Research, v. 98, n. 1-3, p. 192-195, 2011.

66



GALLEGO DEL SOL, F.; NAGANO, C.; CAVADA, B.S.; CALVETE, J.J. The first
crystal structure of a Mimosoideae lectin reveals a novel quaternary arrangement of a
widespread domain, J. Mol. Biol., v.353, p.574-583, 2005.

GERRITSE, R.; BEERENDONK, C.; TUINK, M.; HEETKAMP, A.; KREMER, J.;
BRAAT, D.; WESTPHAL, J. Optimal perfusion of an intact ovary as a prerequisite for
successful ovarian cryopreservation. Hum. Reprod., v.23, p.329-35, 2008.

GIL, M.; ABEYDEERA, L.; DAY, B.; VAZQUEZ, J.; ROCA, J.; MARTINEZ, E;
Effect of the volume of medium and number of oocytes during in vitro fertilization on
embryo development in pigs. Theriogenology, v.60, p.767-776, 2003.

GORDO, A.C.; HE, C.L.; SMITH, S.; FISSORE, R. A. Mitogen activated protein kinase
plays a significant role in metaphase Il arrest, spindle morphology, and maintenance of
maturation promoting factor activity in bovine oocytes. Molecular Reproduction and
Development, v.59, p.106-114, 2001.

GORDON, I. Laboratory Production of Catlle Embryos. Wallingford: CAB
International, p.640, 1994.

GONCALVES, P.B.D.; VISINTIN, J.A.; OLIVEIRA, M.A.L.; MONTAGNER, M.M;
COSTA, L.F.S. Producéo in vitro de Embrides. In: GONCALVES, P.B.D.; FIGUEREDO
J. R.; FREITAS, V. J. F. Biotécnicas aplicadas a reproduc¢éo animal. 2.ed. Séo Paulo:
Roca, p. 195-226, 2002.

GONCALVES, R.F.; WOLINETZ, C.G.; BARNABE, V.H.; KILLIAN, G.J. Influence
of osteopontin in bovine uterine tube fluid on sperm binding and fertilization in RCA-1
lectin-treated oocytes. Reprod Domest Anim, v.1, n.44, p.5-152, 20009.

GUPTA, S.K.; SRIVASTAVA, N.; CHOUDHURY, S.; RATH, A.; SIVAPURAPU, N.;
GAHLAY, G.K.; BATRA, D. Upadate on zona pellcida glycoproteins based
contraceptive vaccine. Journal of Reproductive Immunology, v.62, p.79-89, 2004.

HAFEZ, E.S.E.; HAFEZ, B. Cromossomos X e Y: espermatozoides transportadores. In:
HAFEZ, E.S.E.; HAFEZ. B. Reprodugao Animal. 7.ed., So Paulo: Manole, p.395-398,
2004.

HAMATANI, T.; YAMADA, M.; AKUTSU, H.; KUJI, N.; MOCHIMARU, Y;
TAKANO, M.; TOYODA, M.; MIYADO, K.; UMEZAWA, A.; YOSHIMURA, Y. What
can we learn from gene expression profiling of mouse oocytes? Reproduction, v.135,
p.581-592, 2008.

HAN, C.; JIN, J. XU, S.; LIU, H.; LI, N.; CAO, X. Integrin CD11b negatively regulates

TLR-triggered inflammatory responses by activating Syk and promoting degradation of
MyD88 and TRIF via Cbl-b. Nat. Immunol., p.11, v.734-742, 2010.

67


https://www.ncbi.nlm.nih.gov/pubmed/?term=Gon%C3%A7alves%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=18537905
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolinetz%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=18537905
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barnabe%20VH%5BAuthor%5D&cauthor=true&cauthor_uid=18537905
https://www.ncbi.nlm.nih.gov/pubmed/?term=Killian%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=18537905

HAN, Y.M.; WANG, W.H.; ABEYDEERA, L.R.; PETERSEN, A.L.; KIM, J.H;
MURPHY, C.; DAY B.N.; PRATHER, R.S. Pronuclear location before the first cell
division determines ploidy of polyspermic pig embryos. Biol Reprod., v.61, n. 5, p.1340-
6, 1999.

HARABAYASHI, J.; KUNO, A.; TATENO, H. Lectin-based structural glycomics: a
pratical approach to complex glycans. Electrophoresis, v.32, p.1118-1128, 2011.

HEDRICK, J.L. A comparative analysis of molecular mechanisms for blocking
polyspermy: identification of a lectin-ligand binding reaction in mammalian eggs.
Reprod Fertil Suppl., v.63, p.409-19, 2007.

HOMA, S.T. Calcium and meiotic maturation of the mammalian oocyte. Molecular
Reproduction and Development, v.40, p.122-134, 1995.

JIANG, J.F.; HAN, Y.; XING, L.J.; XU, Y.Y.; XU, Z.H.; CHONG. K. Cloning and
expression of a novel cDNA encoding a mannose-specific jacalin-related lectin from.
Oryza sativa. Toxicon, v. 47, p.133-139, 2006.

KLAFKE, G.B.; MOREIRA, G.M.S.G.; PEREIRA, J.L.; OLIVEIRA, P.D;
CONCEICAO, F.R.; LUND, R.G.; GRASSMANN, AA.; DELLAGOSTIN, O.A;
PINTO, L. S. Lectin I from Bauhinia variegata (BVL-l1) expressed by Pichia
pastorisinhibits initial adhesion of oral bacteria in vitro. International Journal of
Biological Macromolecules, v.93, p.913-918, 2016.

KATSKA-KSIAZKIEWICZ, L.; ALM, H.; TORNER, H.; HELLEIL, B,
TUCHSCHERER, A.R.B. Mitochondrial aggregation patterns and activity in in vitro
cultured bovine oocytes recovered from early antral ovarian follicles. Theriogenology,
V.75, p.662-670, 2011.

KHATAM, M.R.l.; SABBAG, M.R.P.H.; NIKRAVAN, N.; KHAZAEIPOUR, Z,;
BOROUMAND, M.A.; SADEGHIAN, S.; DAVOUDI, B. The role of neutrophil-
gelatinase-associated lipocalin in early diagnosis of contrast nephropathy. Indian J
Nephrol., v.25, p.292-296, 2015.

KIM, H.J.; LEE, S.J. Antibody-based enzyme-linked lectin assay (ABELLA) for the
sialylated recombinant human erythropoietin present in culture supernatant. Journal of
Pharmaceutical and Biomedical Analysis, p.48, v.3, p.716-721, 2008.

KRISHER, R. L. The effect of oocyte quality on development. J Anim Sci, v.82, p.45-
51, 2004.

LALWANI, AK.; CAREY, T.E.; GOLDSTEIN, 1.J.; PETERS, B.P. Lectin binding
characteristics of squamous cell carcinomas of the head and neck. Acta Otolaryngol, v.
116, n.1, p.125-131, 1996.

LAM, S.K.; NG, T.B. Lectins: production and practical applications. Applied
Microbiology and Biotechnology, v.89, n.1, p.45-55, 2011.

68


https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Han%20YM%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Wang%20WH%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Abeydeera%20LR%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Petersen%20AL%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Kim%20JH%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Murphy%20C%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Day%20BN%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Prather%20RS%5BAuthor%5D&sort=ac&from=/10529283/ac
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hedrick%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=17566287
https://www.ncbi.nlm.nih.gov/pubmed/17566287
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khatami%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sabbagh%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nikravan%20N%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khazaeipour%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boroumand%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boroumand%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sadeghian%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Davoudi%20B%5BAuthor%5D&cauthor=true&cauthor_uid=26628795
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4588325/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4588325/

LIU, S.; LI, Y.; GAO, X.; YAN, J.H.; CHEN Z.J. Changes in the distribution of
mitochondria before and after in vitro maturation of human oocytes and the effect of in
vitro maturation on mitochondria distribution. Fertil Steril., v.93, p.1550-1555, 2010.

LIN, J.; CHEN, F.; SUN, M.J.; ZHU, J.; LI, Y.W.; PAN, L.Z.; ZHANG, J.; TAN, J.H.
The relationship between apoptosis, chromatin configuration, histone modification and
competence of oocytes: A study using the mouse ovary-holding stress model. Sci Rep.,
v.20, n.6, p.283-47, 2016.

MAO, L.; LOU, H.; LOU, Y.; WANG, N.; JIN, F. Behaviour of cytoplasmic organelles
and cytoskeleton during oocyte maturation. Reprod Biomed., v.28, p.284-299, 2014.

MEHLMANN, L. M. Oocyte-specific expression of Gpr3 is required for the maintenance
of meiotic arrest in mouse oocytes. Dev. Biol., v.288, p.397-404, 2005.

MILHOME, M.V.L. Interacdo da frutalina com neoplasias de tiredide. Estudo
comparativo com marcadores tumorais em uso. Tese (Doutorado em Bioquimica) - Curso
de Po6s-graduacdo em Bioquimica, Departamento de Bioguimica e Biologia Molecular,
Universidade Federal do Ceard, Fortaleza, 2008.

MILHOME, M.V.L.; FERREIRA, F.V.A.; SCHMITT, F.C.L.; ROCHA FILHO, F.D,;
MOREIRA, R.A. Frutalin alpha D galactose binding-lectin, antifrutalin rabbitt antibody
(FTLrab), galectin3, CK19 and HBMEL as cyto and histological thyroid carcinoma
markers. Revista Médica do Parana, p. 62-94, 2004.

MONTEIRO, A.C.O. Caracteristicas quimicas, fisico-quimicas e estruturais da frutalina:
uma lectina D-galactose ligante de Artocarpus incisa, em Ceara/CE [dissertacdo].
Fortaleza: Universidade Federal do Ceard/UFC; 1998.

MONTEIRO-MOREIRA, A.C.; PEREIRA, H.D.; VIEIRA NETO, A.E.; MORENO,
F.B.M.B.; LOBO, M.D.P.; SOUSA, F.D.; MOREIRA, R.A. Crystallization and
preliminary X-ray diffraction studies of frutalin, an -D-galactose-specific lectin from
Artocarpus incisa seeds. Acta Crystallographica, v.7, p.1282-1285, 2015.

MOREIRA, R.A.; AINOUZ, I.L. Isolectins from jackfruit (Artocarpus integrifolia) seeds.
Plant. Physiology, p.61-118, 1978.

MOREIRA, R.A.; CASTELO-BRANCO, C.C.; MONTEIRO, A.C.; TAVARES, R.O,;
BELTRAMINI, L.M. Isolation and partial characterization of a lectin from Artocarpus
incisa L. seeds. Phytochemistry, v.47, p.1183-1188, 1998.

MUNN, C.; KISER, L.; WETZNER, S.; BAER, J. Ovary volume in young and
premenopausal adults: US determination. Work in progress. Radiology. v.159, p.731-
732, 1986.

NAGAI, T.; MOOR, R.M. Effect of oviduct cells on the incidence of polyspermy in pig
eggs fertilized in vitro. Mol. Reprod. Dev., v. 26, p.377-381, 1990.

69


https://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20YW%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pan%20LZ%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=27321442
https://www.ncbi.nlm.nih.gov/pubmed/27321442

OLIVEIRA, C.; NICOLAU, A.; TEXEIRA, J.A.; DOMINGUES, L. Cytotoxic Effects of
Native and Recombinant Frutalin, a Plant Galactose-Binding Lectin, on HeLa Cervical
Cancer Cells. Journal of Biomedicine and Biotechnology, p.16-10, 2011.

OLIVEIRA, C.; FELIX, W.; MOREIRA, R.A.; TEXEIRA, J.A.; DOMINGUES, L.
Expression of frutalin, an a-d-galactose-binding jacalin-related lectin, in the yeast Pichia
pastoris protein expression and purification. Protein Expression and Purification, v.60,
p.188-193, 2008.

OLIVEIRA, C.; TEXEIRA, J.A.; DOMINGUES, L. Recombinant production of plant
lectins in microbial systems for biomedical application — the frutalin case study.
Frontiers in Plant Science, v.5, p.390, 2014.

OLIVEIRA, C.; TEIXEIRA, J.A.; SCHMITT, F. DOMINGUES, L. A comparative study
of recombinant and native frutalin binding to human prostate tissues. BMC
Biotechnology, p.9-78, 2009.

PEREIRA, C.; et al. Involvement of AKT and NFkappa-B on lymphocyte activation by
frutalin, a galactose-binding lectin. Nitric Oxide. Cytokines and inflammation-An
International Symposium, v.95, p.1072-1081, 2004.

PEREIRA, H.M.; et al. Crystal Structure of Frutalin from Artocarpus incisa. Protein
Data Bank, v.227, p.292-293, 2015.

PEUMANS, W.J.; ZHANG, W.; BARRE, A.; ASTOUL, C.H.; BALINT-KURTI, P.J.;
ROVIRA, P.; ROUGE, P.: MAY, G.D.; VAN LEUVEN, F.; TRUFFA-BACHI, P.; VAN
DAMME, E.J.M. Fruit-specific lectins from banana and plantain. Planta, v.211, n.4,
p.546- 554, 1998.

PEUMANS, W.J.; VAN DAMME, E.J.M. Lectins as plant defense proteins. Plant
Physiology, v.109, n.2, p.347-352, 1995.

PEUMANS, W.J.; VAN DAMME, E.J.M.; BARRE, A.; ROUGE, P. Classification of
plant lectins in families of structurally and evolutionary related proteins. Advances in
Experimental Medicine and Biology, v.491, p.27-54, 2001.

PENG, X.R.; HSUEH, AJ.; LAPOLT, P.S.; BJERSING, L.N.Y.T.; Localization of
luteinizing hormone receptor Messenger ribonucleic acid expression in ovarian cell types
during follicle development and ovulation. Endocrinology, v.129, p.3200-3207, 1991.

PICTON, H., BRIGGS, D., GOSDEN, R.; The molecular basis of oocyte growth and
development. Molecular and Cellular Endocrinology, v.145, p.27-37, 1998.

PORTELA, AM.L.R.; RIBEIRO, R.P.; COSTA, J.J.N.; ROSSI, R.0.D.S.; PASSOS,
J.R.; VASCONCELOS, G.L.; DONATO, M.A.M.; PEIXOTO, C.A.; SARAIVA,
M.V.A.; VAN DEN HURK, R.; SILVA, J.R.V. Effects of different concentrations of
concanavalin A andfollicle stimulating hormone on goat primordial folliclesactivation,
survival and gene expression., Zygote, v.43, p.28-34, 2014.

70



PRUNIER, A.; QUESNEL, H. Nutritional influences on the hormonal control of
reproduction in females pigs. Livest. Prod. Sci., v. 63, p.1-16, 2000.

RIBEIRO, R.P.; PORTELA, AM.; SILVA, AW.; COSTA, JJ.; PASSOS, JR;
CUNHA, E.V.; SOUZA, G.B.; SARAIVA, M.V.; DONATO, M.A,; PEIXOTO, C.A;;
VAN DEN HURK, R.; SILVA, J.R. Effects of jacalin and follicle stimulating hormone
on in vitro goat primordial follicle activation, survival and gene expression. Zygote,
v.537, n.4, p.49, 2015.

ROMAR, R.; FUNAHASHI, H.; COY, P. In vitro fertilization in pigs: New molecules
and protocols to consider in the forthcoming years. Theriogenology, v.85, p.125-134,
2016.

ROTH, Z.; HANSEN, P.J. Disruption of nuclear maturation and rearrangement of
cytoskeletal elements in bovine oocytes exposed to heat schock during maturation.
Reproduction, v.129, p.235-244, 2005.

SAGATA, N. What does Mos do in oocytes and somatic cells? Bioessays, v.19, p.13-21,
1997.

SANCHEZ, F.; SMITZ, J. Molecular control of oogenesis. Biochimica et Bophysica
Acta, p.1896-1912, 2012.

SANTOS, R.R.; SCHOEVERS, E.J.; ROELEN, B.A. Usefulness of bovine and porcine
IVM/IVF models for reproductive toxicology. Reprod Biol Endocrinol, v.12, p.117,
2014.

SCHOEPPNER, H.L.; RAZ, A.;HO, S.B.; BRESALIER, R.S. Expression of an
endogenous galactose-binding lectin correlates with neoplastic progression in the colon.
Cancer, v.75, n.12, p.2818-26, 1995.

SHARON, N.; LIS, H. History of lectins: from hemagglutinins to biological recognition
molecules. Glycobiology, v.14, n.11, p.53-62, 2004.

SILVA, W.J.; et al. Effects of essential oils on Aedes aegypti larvae: alternatives to
environmentally safe insecticides. Bioresour. Technol., v.99, n.3, p.251-325, 2008.

SOARES, M.A; COSTA, J.J.; VASCONCELOQS, G.L.; RIBEIRO, R.P.; SOUZA, J.C,;
SILVA, A.L.; VAN DEN HURK R.; SILVA, J.R. Effects of frutalin on early follicle
morphology, ultrastructure and gene expression in cultured goat ovarian cortical tissue.
Histol Histopathol., v.15, p.11-88, 2018.

SUAREZ, S.S. Interactions of spermatozoa with the female reproductive tract: inspiration
for assisted reproduction. Reprod Fertil Dev., v.19, n.103-10, 2007.

TANABE, M.; TAMURA, H.; TAKETANI, T.; OKADA, M,; LEE, L.; TAMURA, |
MAEKAWA, R.; ASADA, H.; YAMAGATA, Y.; SUGINO, N. Melatonin protects the
integrity of granulosa cells by reducing oxidative stress in nuclei, mitochondria, and
plasma membranes in mice. J. Reprod., v. 61, p.35-41, 2015.

71


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ribeiro%20RP%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Portela%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Silva%20AW%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Costa%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Passos%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cunha%20EV%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Souza%20GB%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saraiva%20MV%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Donato%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peixoto%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=van%20den%20Hurk%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Silva%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=24869637
https://www.ncbi.nlm.nih.gov/pubmed/?term=Soares%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/?term=Costa%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vasconcelos%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ribeiro%20RP%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/?term=Souza%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/?term=Silva%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20den%20Hurk%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/?term=Silva%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=28197987
https://www.ncbi.nlm.nih.gov/pubmed/28197987

TORNER, H.; GHANEM, N.; AMBROS, C., HOLKER, M.; TOMEK, W.;
PHATSARA, C.; ALM, H.; SIRARD, M.A.; KANITZ, W.; SCHELLANDER, K_; et al.
Molecular and subcellular characterisation of oocytes screened for their developmental
competence based on glucose-6-phosphate dehydrogenase activity. Reproduction,
v.135, p.197-212, 2008.

TOKARSKA-SCHLATTNER, M.; WALLIMANN, T.; SCHLATTNER, U. New
insights into doxorubicin-induced cardiotoxicity: the critical role of cellular energetics.
Biologies., v.329, p.657-668, 2006.

THOMAS, R. E.; THOMPSON, J.G.; ARMSTRONG, D. T.; GILCHRIST, R. B. Effect
of specific phosphodiesterase isoenzyme inhibitors during in vitro maturation of bovine
oocytes on meiotic and developmental capacity. Biol Reprod., v.9, p.71:1142, 2004.

TROUNSON, A. The derivation and potential use of human embryonic stem cells.
Reprod Fertil Dev, v.13, p.523-532, 2001.

VAN DEN HURK, R.; ZHAO, J. Formation of mammalian oocytes and their growth,
differentiation and maturation within ovarian follicles. Theriogenology, v.63, p.1717-
1751, 2005.

VAN DAMME, E.J.M.; COOSSENS, K.; SMEETS, K.; LEUVEN, F.V.; VERHAERT,
P.; PEUMANS, W.J. The major tuber storage protein of araceae species is a lectin.
Characterization and molecular cloning of the lectin from Arum maculatum L. Plant
Physiology, v.107, n. 4, p.1147-58, 1995.

VAN DAMME, E.J.M.; PEUMANS, W.J.; BARRE, A.; ROUGE, P. Plant lectins : a
composite of several distinct families of structurally and evolutionary related proteins
with diverse biological roles. Critical reviews in plant sciences, v.17, p.575-692, 1998.

WALLS, M.L.; HUNTER. T.; RYAN, J.P.; KEELAN, J.A.; NATHAN, E.; HART, R.J.
In vitro maturation as an alternative to standard in vitro fertilization for patients diagnosed
with polycystic ovaries: a comparative analysis of fresh, frozen and cumulative cycle
outcomes. Hum Reprod., v.1, n.30, p.88-96, 2015.

WANG, W.H.; UCHIDA, M.; NIWA, K. Effects of follicle cells on in vitro penetration
of pig oocytes by cryopreserved, ejaculated spermatozoa. J Reprod Dev., v.38, p.125—
131, 1992.

WANG, S.; PANTER, K.E.; EVANS, R.C.; BUNCH, T.0O. The effects of pokeweed
mitogen (PWM) and phytohemagglutinin (PHA) on bovine oocyte maturation and
embryo development in vitro. Anim Reprod Sci., v.67, n.3, p.20-215, 2001.

WATSON, A.J. Oocyte cytoplasmic maturation: A key mediator of oocyte and embryo
developmental competence. Journal of Animal Science, v.85, n.13, p.E1E3, 2007.

WEHREND, A.; MEINECKE, B. Kinetics of progression, M-phase promoting factor
(MPFP and mitogen-activated protein kinase (MAP kinase) activities during in vitro

72


https://www.ncbi.nlm.nih.gov/pubmed/?term=Walls%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=25355587
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hunter%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25355587
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ryan%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=25355587
https://www.ncbi.nlm.nih.gov/pubmed/?term=Keelan%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=25355587
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nathan%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25355587
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hart%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=25355587
https://www.ncbi.nlm.nih.gov/pubmed/25355587
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5649099/

maturation of porcine and bovine oocytes: species specific differences in the length of the
meiotic stages. Anim Reprod. v.66, p.175-84, 2001.

VIEIRA NETO, A.E. Caracterizagéo estrutural da frutalina, uma lectina a-D-galactose
ligante de sementes de Artocarpus incisa e analise das suas bases moleculares de ligacdo
a D-glactose, em Ceard/CE [dissertacdo]. Ceara: Universidade Federal do Ceard/UFC;
2015.

YAU, T.; DAN, X.; CHARLENE CHEUK WING, C.C.; BUN, T. Lectins with Potential
for Anti-Cancer Therapy. Molecules, v. 20, p.3791-3810, 2015.

YAMADA, M.; ISAJI, Y. Structural and functional changes linked to, and factors
promoting, cytoplasmic maturation in mammalian oocytes. Reprod Med Biol., v.10,
p.69-79, 2011.

YONEZAWA, N.; AMARI, S.; TAKAHASHI, K.; IKEDA, K.; IMAI, F.L.; KANAIL S.;
KIKUCHI, K.; NAKANO, M. Participation of the nonreducing terminal b-galactosyl
residues of the neutral N-linked carbohydrate chains of porcine zona pellucida
glycoproteins in sperm—egg binding. Mol Reprod Dev., v.70, p.222—-227, 2005.

ZHANG, P.; ZHANG, Y.; DOU, H.; YIN, J.; CHEN, Y.; PANG, X; et al. Handmade
cloned transgenic piglets expressing the nematode fat-1 gene. Cell Reprogram, v.114,
p.258-66, 2012.

ZHANG, D.L.; LU, C.H.; YU, D.H.; WANG, Z.Y. Characterization and functional

analysis of a tandem-repeat galectin-9 in large yellow croaker Larimichthys crocea. Fish
and Shellfish Immunology, v.26, n.3, p.3791-810, 2016.

73



