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EPIGRAFE

“Nada é tdo nosso como oS nossos sonhos.”
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RESUMO

BIOMARCADORES SANGUINEOS DE EXPOSICAO A ZEARALENONA E
APLICABILIDADE NA AVALIACAO DA EFICIENCIA DE ADITIVOS ANTIMICOTOXINAS
EM SUINOS E BOVINOS

AUTORA: Camila Tonini
ORIENTADOR: Carlos Augusto Mallmann

A inclusdo de aditivos antimicotoxinas (AAM) na dieta de animais de producédo tem sido utilizada
para evitar a exposicdo as micotoxinas. Preconiza-se a medicdo das micotoxinas e/ou seus
metabdlitos em fluidos biol6gicos como marcadores para confirmar a eficacia desses produtos. Este
trabalho consiste em dois estudos e objetivou: (a) aprimorar uma metodologia analitica baseada em
cromatografia liquida de alta eficiéncia acoplada a espectrometria de massas (HPLC-MS/MS) para a
deteccdo e quantificacdo de zearalenona (ZEA) e seus metabdlitos, a-zearalenol (a-ZEL), B-
zearalenol, a-zearalanol, (3-zearalanol (B-ZAL) e zearalanona, em soro sanguineo; e (b) executar
testes em espécies susceptiveis a ZEA para avaliar a exposicdo a micotoxicose e utilizar
biomarcadores sanguineos para verificar a eficacia de AAM. No primeiro estudo, 24 novilhas de
corte foram distribuidas aleatoriamente para receber um destes tratamentos (n=6/tratamento): T1)
dieta basal (controle); T2) dieta basal + 5 mg/kg ZEA; T3) dieta basal + 5 mg/kg ZEA + 2,5 kg/t
AAM; e T4) dieta basal + 5 mg/kg ZEA + 5 kg/t AAM. A investigacdo durou 37 dias. Apds o
fornecimento da dieta, amostras de sangue foram colhidas em diferentes dias, centrifugadas para a
obtenc¢do do soro sanguineo e analisadas por HPLC-MS/MS. Entre os metabdlitos analisados, B-
ZAL foi detectado acima do limite de quantificacdo nas formas ndo conjugadas (>0,60 pg/kg) e
conjugadas (>1,70 pg/kg). Os demais metabdlitos apresentaram concentra¢des abaixo do limite de
deteccdo. Na avaliagdo da eficdcia do AAM, ndo houve diferenca significativa (P>0,05) entre os
tratamentos com e sem aditivo nos niveis de inclus@o avaliados. No segundo estudo, 70 leitoas pré-
puberes foram distribuidas em sete grupos (n=10), alimentadas com dietas apresentando dois
niveis de inclusdo de AAM a base de argila (0,25% e 0,50%) e trés niveis de inclusdo de ZEA (O,
0,75 e 1 mg/kg) por 42 dias. Foram realizadas avaliac6es de peso inicial e final, ganho médio diario,
consumo médio diario, conversdo alimentar e vulvometria junto as colheitas de sangue para
avaliacdo de ZEA e metabdlitos em soro. As amostras de sangue foram centrifugadas para a
separacdo do soro e analisadas por HPLC-MS/MS. Ao fim do periodo experimental, os animais
foram abatidos e eviscerados para avaliar 0 peso e o comprimento do trato reprodutivo. O
desempenho zootécnico néo foi afetado pela adicdo de ZEA a dieta, nao havendo diferenca na
inclusdo de AAM (P>0,05). A ZEA aumentou significativamente (P<0,05) o peso, o comprimento do
trato reprodutivo e o volume vulvar (largura, comprimento e area); ndo houve diferenca entre os
tratamentos com a adi¢do de AAM a dieta (P>0,05). Quanto aos metabdlitos pesquisados, a-ZEL foi
detectado acima do limite de quantificacdo nas formas ndo conjugadas (>0,15 ug/kg) e conjugadas
(>1,58 pg/kg). A concentracdo dos demais metabdlitos ficou abaixo do limite de detecgéo,
confirmando os resultados da eficacia do AAM (P<0,05). Os resultados obtidos com este trabalho
contribuem para a busca da qualidade de AAMs comercializados, bem como para a utilizacdo de
métodos analiticos e biomarcadores; estes podem representar uma alternativa para a confirmacéo
da eficacia desses produtos em novilhas e leitoas.

Palavras-chave: Aditivo antimicotoxina. Biomarcador. Adsorcéo. Argilas. HPLC-MS/MS.



ABSTRACT

SEROLOGICAL BIOMARKERS OF ZEARALENONE EXPOSURE AND THEIR
APLICABILITY TO ASSESS THE EFFICACY OF ANTIMYCOTOXINS ADDITIVES IN
SWINE AND BOVINE

AUTHOR: Camila Tonini
ADVISER: Carlos Augusto Mallmann

The inclusion of antimycotoxins additives (AMA) in the diet of production animals has been used to
avoid mycotoxins exposure. To confirm the efficacy of such products in vivo, measurement of
mycotoxins and/or their metabolites in biological fluids is preconized. This work consists of two
studies and aimed to: (a) improve an analytical methodology based on High Performance Liquid
Chromatography Coupled to Tandem Mass Spectrometry (HPLC-MS/MS) to detect and quantify
zearalenone (ZEA) and its metabolites, a-zearalenol (a-ZOL), B-zearalenol, a-zearalanol, B-
zearalanol (B-ZAL) and zearalanone, in blood serum; and (b) to conduct tests in species which are
susceptible to ZEA to evaluate exposure to mycotoxicosis and to use serological biomarkers to
assess the efficacy of AMA. In the first study, 24 beef heifers were randomly assigned to receive one
of these treatments (n=6/treatament): T1) basal diet (control); T2) basal diet + 5 mg/kg ZEA; T3)
basal diet + 5 mg/kg ZEA + 2.5 kg/t AMA; and T4) basal diet + 5 mg/kg ZEA + 5.0 kg/t AMA. The trial
lasted 37 days. Blood was collected on different days after the diet was given, and the samples were
centrifuged to obtain the blood serum and then analysed by HPLC-MS/MS. Among the analyzed
metabolliates, B-ZAL was detected above the limit of quantification both in the unconjugated (>0.60
Hg/kg) and conjugated (>1.70 pg/kg) forms. The remaining metabolites presented concentrations
under the limit of detection. In the efficacy evaluation of the AMA, there was no significant difference
(P>0.05) between the treatments with and without AMA at the tested levels of inclusion. In the
second study, 70 pre-pubertal gilts were distributed in seven feeding groups (n=10/treatment)
receiving diets with two levels of three clay-based AMAs (0.25% and 0.50%) and three levels of ZEA
(0, 0.75 and 1 mg/kg) for 42 days. Initial and final body weight (BW), mean daily weight gain, mean
daily feed intake, feed conversion and vulva volume were assessed at the time of blood sampling to
determine ZEA and its metabolites in the serum. Blood samples were spun to obtain the serum,
which was analyzed via HPLC-MS/MS. When the experimental period ceased, the animals were
slaughtered and eviscerated in order to evaluate weight and length of the reproductive tract. The
zootechnical performance was not affected by the presence of ZEA in the diet, and inclusion of AMA
did not determine differences (P>0.05). ZEA caused a significant increase (P<0.05) in BW, length of
the reproductive tract and vulva measurement (width, length and area), with no difference (P>0.05)
between treatments with the addition of AMA to the diet (P>0.05). With respect to the evaluated
metabolites, a-ZOL was detected above the limit of quantification in both unconjugated (>0.15 pg/kg)
and unconjugated (>1.58 pg/kg) forms. The concentration of the remaining metabolites was below
the limit of detection, thus confirming the results of the efficacy of AMA (P<0.05). The findings in this
study contribute to the search of quality of the marketed AMA as well as to the assessment of
analytical methods and biomarkers; these substances may represent an alternative to confirm the
efficacy of such products in heifers and gilts.

Key-words: Antimycotoxins additive. Biomarker. Adsorption. Clays. HPLC-MS/MS.
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CAPITULO 1 — CONSIDERACOES GERAIS
1.1 INTRODUCAO

A zearalenona (ZEA) é uma micotoxina estrogénica nao esteroide com
semelhanca estrutural ao horménio estrogénio, produzida por varias espécies de
fungos do género Fusarium. Os fungos desse género podem ser encontrados em
culturas de cereais, como: centeio, sorgo, trigo, milho, além de pastagem, silagem e
feno, comumente utilizados na alimentagédo de animais de producdo. Para que o
desenvolvimento fungico ocorra sdo necessarias condi¢cdes ideais de temperatura,
umidade e presenca de oxigénio. No campo, a temperatura na faixa de 25 °C
favorece o crescimento fangico, enquanto a reducdo para aproximadamente 10 °C
desencadeia 0 metabolismo secundario, o qual € responsavel pela producdo da
ZEA.

Diante disso, diferentes medidas de controle pds-colheita foram
desenvolvidas para mitigar os efeitos nocivos da ZEA. Uma dessas medidas € a
adicdo de aditivos antimicotoxinas (AAM) a racdo animal. Esses aditivos atuam
como ligantes e/ou modificadores de micotoxinas com a funcdo de adsorver e/ou
biotransformar as micotoxinas no trato gastrointestinal (TGI). Dentre os diversos
tipos de compostos ndo nutritivos existentes para adsorver as micotoxinas, estdo os

aditivos com base em argilas.

A literatura descreve a avaliacdo da eficacia desses aditivos com base em
parametros inespecificos, como: peso de 6rgaos, consumo de racdo e desempenho,
realizados por testes in vivo que utilizam o modelo animal. No entanto, a Autoridade
Europeia da Seguranca dos Alimentos (EFSA) afirma que, embora tais parametros
inespecificos sejam Uteis, apenas biomarcadores especificos para a exposicao
podem provar a eficacia de AAM para a alimentacdo animal. Esses parametros
especificos sdo as micotoxinas e seus metabdlitos, que podem ser avaliados em
amostras bioldgicas como: fezes, urina, plasma/soro/sangue, tecidos e produtos de

origem animal.

Dessa forma, a utilizacdo de metodologias analiticas sensiveis € necessaria

para a avaliacdo de biomarcadores. O uso de métodos analiticos capazes de
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detectar e quantificar micotoxinas com baixas concentracdes € de suma importancia,
visto que a analise desses compostos em matrizes biologicas vem se tornando uma
pratica indispensavel, tanto para fins econdmicos quanto para a saude animal.
Porém, deve-se considerar também os custos envolvidos nas analises bem como a
aplicabilidade do método, a fim de que este possa ser implantado na rotina
laboratorial.

Para a ZEA, é preconizada a avaliagcdo da propria micotoxina e de a-
zearalenol (a-ZEL) e B-zearalenol (B-ZEL) em soro sanguineo e/ou a excrecdo de
ZEA e seus metabdlitos. Andlises in vivo demonstraram que a ZEA é reduzida a a-
ZEL e B-ZEL no figado e no trato gastrointestinal (TGI) por complexos enzimaticos
(3a e 3B hidroxi-esteroide desidrogenases e Uridina Difosfato Glicuronil
Transferase); esses metabdlitos levam ao aumento e diminuicdo da atividade
estrogénica, respectivamente. Algumas diferencas interespécies sdo observadas: o
a-ZEL é o metabdlito predominante em suinos e o B-ZEL em bovinos e aves. Essas
diferencas na biotransformacdo podem ser correlacionadas com a sensibilidade das
espécies a ZEA. Isso reflete a importancia de estudos que demonstrem mais
informacBes sobre a ZEA e seus metabdlitos em diferentes espécies, juntamente
com suas proporcoes exatas. Apos a biotranformacéo da ZEA, séo evidenciados os
sinais clinicos caracteristicos: hiperestrogenismo, infertilidade e distarbios

reprodutivos.

Os objetivos do presente trabalho foram: (a) aperfeicoar uma metodologia
analitica baseada em HPLC-MS/MS para a deteccdo e quantificacdo de ZEA e seus
metabdlitos (a-zearalenol, B-zearalenol, a-zearalanol, B-zearalanol e zearalanona)
em soro sanguineo; (b) aplicar o estudo em espécies susceptiveis a ZEA (bovinos e
suinos) na avaliacdo da exposicdo a micotoxicose e na aplicabilidade da utilizacao

de biomarcadores sanguineos para a avaliacdo da eficiéncia de AAM.
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1.2 HIPOTESES

Hipdtese 1

E possivel detectar ZEA e seus metabolitos em soro sanguineo por HPLC-
MS/MS;

Hipotese 2

E possivel estabelecer a concentracdo de cada metabolito, determinando a

dose-resposta para a exposicdo a ZEA;

Hipdtese 3

E possivel estabelecer o biomarcador de escolha para a exposicdo a ZEA;

Hipotese 4

E possivel avaliar a eficacia de AAM para ZEA por parametro sorolégico.
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1.3 PROPOSICAO
1.3.1 Objetivo geral

Determinacdo de biomarcadores sanguineos de ZEA e aplicabilidade na

avaliacdo da eficicia de AAM.

1.3.2 Objetivos especificos

e Otimizar uma metodologia analitica para deteccéo e quantificacdo de produtos de
biotransformagé&o de ZEA (a-zearalenol, B-zearalenol, a-zearalanol, 3-zearalanol e
zearalanona) em soro sanguineo por HPLC-MS/MS;

e Reconhecer os parametros analiticos dos metabdlitos no processo de deteccgéo e
quantificacao;

e Determinar o metabdlito com maior concentracdo para a exposicao e risco a ZEA,
sendo escolhido como biomarcador;

e Propor uma ferramenta de diagndstico rapido e preciso a nivel sanguineo para a
exposicao de ZEA em espécies suscetiveis;

e Avaliar a eficacia de AAM por parametro soroldgico.
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CAPITULO 2 - REVISAO DE LITERATURA

2.1 MICOTOXINAS NA PRODUCAO ANIMAL

Para se entender a magnitude do problema, afirma-se que cerca de 25% de
todos os graos produzidos no mundo estdo contaminados com alguma micotoxina
(FREIRE et al., 2007). Micotoxinas sdo metabolitos secundarios toxicos produzidos
por fungos filamentosos com alta prevaléncia em matérias-primas destinadas a
alimentacdo animal (GAUMY, BAILLY, BURGAT, 2001). Os organismos fungicos
sdo pertencentes principalmente aos géneros Aspergillus, Fusarium, Alternaria e
Penicillium (YIANNIKOURIS e JOUANY, 2002; BENNETT e KLICH, 2003; KABAK,
DOBSON, VAR, 2006). Varias espécies de fungos pertencentes a esses géneros
podem produzir micotoxinas como aflatoxinas (AFLA), fumonisinas (FUMO),
ocratoxina A (OTA), tricotecenos (TRICO), deoxinivalenol (DON) e ZEA, durante
todas as etapas de producdo, colheita, transporte e armazenamento de graos
(BENNETT e KLICH, 2003; GALLO et al., 2015, 2016; EGAL et al., 2005; LOI et al.,
2017).

A exposicdo as micotoxinas pode desencadear uma série de problemas a
saude e bem-estar animal, sendo a espécie, a idade e o tempo de exposicao fatores
gue determinam sua toxicidade. Essas toxinas podem induzir a efeitos agudos ou
cronicos, como 0s teratogénicos, carcinogénicos, imunossupressores, estrogénicos,
anabolizantes, mutagénicos, hemorragicos e nutricionais, além da diminuicdo da
ingestdo alimentar, aumento na incidéncia de doencas e reducdo na capacidade
reprodutiva. Do ponto de vista econbmico, as micotoxinas afetam o agronegécio,
gerando perdas econbmicas e interferindo nas relagbes comerciais, reduzindo,
assim, a qualidade dos grdos e a performance animal (LEUNG, DIAZ-LLANO,
SMITH, 2006). As micotoxinas mais comuns e que afetam os animais de producéo
sao principalmente: AFLA, FUMO, OTA, DON e ZEA (BINDER, 2007; MALLMANN e
DILKIN, 2007).

Existem espécies animais com maior susceptibilidade as micotoxinas, como
bovinos, suinos e aves (MALLMANN e DILKIN, 2007). Ruminantes sao

frequentemente expostos por sua alimentagdo incluir concentrados, forragens
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verdes, fenos e silagens; essa grande variedade determina uma maior exposi¢ao as
micotoxinas em comparagdo aos monogastricos (ZINEDINE et al., 2007). A
exposicao as micotoxinas em suinos e aves também € frequente devido a dieta ser
composta basicamente de milho e soja (MALLMANN e DILKIN, 2007). A presenca
de fungos em graos gera perdas energéticas que reduzem o valor nutricional
(SOUZA, 2003). Aléem de problemas relacionados ao desequilibrio nutricional, as
micotoxinas geram problemas reprodutivos nessas espécies, sendo a contaminacao
pela ZEA uma das principais causas desses transtornos (ETIENNE e DOURMAD,
1994).

2.2 ZEARALENONA
2.2.1 Estrutura quimica e condi¢cfes de desenvolvimento

A ZEA é uma micotoxina estrogénica nao esteroide, quimicamente descrita
como uma lactona do acido fendlico resorcilico (GAUMY, BAILLY, BURGAT, 2001).
Essa denominagédo resultou da combinacdo entre a forma sexuada do fungo
Fusarium graminearum a Gibberella zeae (ZEA) e das caracteristicas de sua
estrutura quimica: (RAL) proveniente da lactona do acido resorciclico, (EN) da dupla
ligacdo entre os carbonos C-1’ e C-2’ e (ONA) da presenca da cetona C-6’ (URRY et
al., 1966) (Figura 1).

A férmula empirica dessa micotoxina € Ci1gH2,0s5, correspondendo ao 6-(10-
hidroxi-6-oxo-trans-1-undecenil)-B-acido resorcilico lactona, cujo peso molecular é
318. A ZEA é uma substancia cristalizavel, branca, solivel em metanol, éter dietilico,
benzeno, acetonitrila, acetato de etila e alcoois, sendo o ponto de fusdo a 165 °C; a
366 nm emite uma fluorescéncia azul sob luz U.V. (MARQUES, 2007). Apesar de ser
uma lactona com um grande anel, compreendendo 13 carbonos, € estavel ao
rompimento hidrolitico. Isto € atribuido a presenca de um grupo metil secundario que
impede que ataques nucleofilicos sejam efetivados na carbonila da lactona
(BENNETT e KLICH, 2003).

A ZEA é produzida por varias espécies de fungos do género Fusarium,
principalmente F. culmorum, F. graminearum e F. crookwellense. Essas espécies
colonizam cereais especialmente em estacdes com umidade elevada e temperaturas
amenas. A presenca de oxigénio e o teor de umidade sdo fatores criticos para

producdo de ZEA. Em culturas de laboratorio, o crescimento do género Fusarium
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ocorreu durante um periodo de 3 semanas em niveis de umidade de mais de 20% e
temperatura entre 20 °C e 25 °C (SANTIN, 2005). Dessa forma, a ZEA é encontrada
naturalmente em cereais como trigo, cevada, arroz e milho, nas fases de
desenvolvimento, = maturacdo, colheita, transporte, processamento  ou
armazenamento dos graos (MALLMANN e DILKIN, 2007).

Figura 1 — Estrutura quimica da zearalenona (a) e de seus metabdlitos (b) a-
zearalenol (R1=0OH e R2=H) e B-zearalenol (R1= H e R2=0H).

OH O

(a) (b)

Fonte: BENNETT e KLICH, 2003.

3. TOXICOCINETICA DA ZEARALENONA EM DIFERENTES ESPECIES ANIMAIS

Para qualquer toxina, 0s parametros cinéticos, incluindo absorcéao,
distribuicdo, biotransformacéao e eliminacéo, sdo determinados pela dose interna e
as concentracdes da toxina nos locais-alvo (FINK-GREMMELS e MALEKINEJAD,
2007).

3.1 Absorcéao

Apés a administracdo oral em mamiferos, a ZEA é rapidamente absorvida no
TGI e estima-se que sua biodisponibilidade no organismo seja em torno de 80 a 85%
a partir da dose ingerida (KUIPER-GOODMAN, SCOTT, WATANABE, 1987; BIEHL
et al., 1993). A absorcéo intestinal da ZEA ocorre por difusdo passiva, que é a
passagem espontanea da ZEA e/ou seus metabdlitos do quimo para o sangue
através da parede intestinal. A eficacia desse processo depende da alteracdo das
propriedades fisico-quimicas da micotoxina (peso, numero de particulas, lipofilia ou

capacidade de conformacdo), permitindo a passagem através de membranas
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lipofilicas apicais ou basais (RAMOS et al., 1996). ApoOs ser ingerida por ruminantes,
a ZEA chega ao rumen onde é metabolizada pela microbiota ruminal (ROSSI et al.,
2009); € nesse 6rgdo que ocorre a conversdo de ZEA em seus metabdlitos
(SEELING e DANICKE, 2005), os quais sdo absorvidos pela mucosa duodenal ao
alcancarem o intestino delgado (FINK-GREMMELS, 2008). Em suinos, a ZEA é
encontrada no sangue até 30 min apds sua ingestdo, em concentracdes
semelhantes as encontradas no TGI (BIEHL et al., 1993; GAJECKI et al., 2010). Em
aves, como os frangos de corte, poedeiras e perus, a absor¢cdo da ZEA ocorre em
um tempo maximo de 0,32 min a 0,97 h (DEVREESE et al., 2012).

3.2 Distribuicdo

O volume aparente de distribuicdo da ZEA e seus metabdlitos incluem tecidos
gue apresentam receptores estrogénicos (REs), como atero, ovario, tecido adiposo e
testiculos. A distribuicdo para os principais 6rgdos € quantificada em estudos de
residuos (KUIPER-GOODMAN, SCOTT, WATANABE, 1987).

De acordo com estudos toxicocinéticos realizados em diferentes espécies, a
meia-vida plasmatica de eliminacdo da ZEA foi estimada em 2,63 h em suinos
(DANICKE et al., 2005) e 31,8 min em frangos de corte (OSSELAERE et al., 2013).
Em bovinos, as concentracfes maximas de ZEA e de seus metabolitos séo
alcancadas mais tarde quando comparado a outras espécies (EFSA, 2017;
WINKLER et al., 2014). N&o ha relatos na literatura sobre a meia-vida plasmatica de
eliminacdo da ZEA em vacas; por isso, faz-se necessario o desenvolvimento de

estudos toxicocinéticos nessa espécie (WINKLER et al., 2014).

3.3 Biotransformagao

O conhecimento dos mecanismos de biotransformacgédo tem fundamental
importancia para o entendimento dos efeitos toxicos decorrentes da exposi¢ao
aguda as micotoxinas. A biotransformacdo da ZEA ocorre no figado em
monogastricos; em ruminantes, ocorre também em outros 6rgdos como o rimen e o
intestino delgado (KALLELA e VASENIUS, 1982; KIESSLING et al. 1984;
MALEKINEJAD; MAAS-BAKKER; FINK-GREMMELS, 2006; OLSEN, 1989;
WINKLER et al., 2014). Apés a ingestdo, a ZEA passa por reagfes enzimaticas que

convertem a toxina em metabolitos denominados: a-zearalanol (a-ZAL), B-zearalanol
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(B-ZAL), a-zearalenol (a-ZEL), B-zearalenol (B-ZEL) e zearalanona (ZAN). Essas
substancias podem ser denominados “zerandis” e possuem toxicidade aguda e
cronica, como genotoxicidade e imunotoxicidade reprodutiva (OLSEN, 1989; MARIN
et al.,, 2010; ZINEDINE et al., 2007). A poténcia relativa da ZEA e de seus
metabolitos é distribuida da seguinte forma: ZEA (1), a-ZEL (92), B-ZEL (0.44), a-
ZAL (18), B-ZAL (3.5) e ZAN (2.5) (SHIER et al., 2001); assim, alguns metabdlitos

possuem maior toxicidade que a prépria micotoxina (D' MELLO et al., 1999).

A biotransformacdo da ZEA é representada esquematicamente na Figura 2.
Seu metabolismo pode ocorrer por duas vias: via 1, pela reacdo de hidroxilacdo, e
via 2, pela reacdo de conjugacdo ao acido glicurénico. Essas reacfes sé&o
responsaveis por tornar os compostos hidrossolUveis para que sejam excretados do
organismo (SCHAUT et al., 2008; OLSEN et al., 1985). As reacdes de
biotransformacdo hepatica da via 1 sdo catalizadas pela enzima 3a e 3B-
hidroxiesteroide desidrogenase (3a e 3B-HSD). Essa enzima também é conhecida
por degradar 5-androstam-3,1-dione, que é um produto do metabolismo dos
esteroides (OLSEN et al., 1985). Na via 2, ocorre a reacdo de conjugacao da ZEA e
de seus metabdlitos com o &cido glucurénico, a qual é catalisada pela enzima
uridina-difosfato-glucuronil-transferase (UGT) (OLSEN et al., 1985). As reacdes de
conjugacao sao consideradas como uma via de desintoxicacdo. As proporc¢des das
reacdes de conjugacdo possuem uma grande variacao interespécies. Os metabdlitos
de ZEA conjugados ao &cido glucurdnico representam 99% do total de ZEA em
humanos, enquanto que em cédes a glucuronidacdo representa apenas 1% dos
metabolitos de ZEA excretados (MIGDALOF et al. 1983).
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Figura 2 — As reacbes de biotransformacdo da zearalenona e seus principais

metabadlitos.
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3-:1HSD<7/ 0 \Y) 3-BHSD
a-Zesralenol- UGT UGT, B-Zezralenal-
Glucuroniden o-Zearalenol B-Zearalenol Glucuronideo

E
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Fonte: MUKHERJEE et al., 2014.

3.4 Eliminacéo

A eliminacdo da ZEA e seus metabdlitos é espécie-dependente, sendo
excretados como substancias livres e conjugadas através da urina e das fezes. Nao
h& acumulo nos 6rgados e a propor¢cdo dos metabdlitos livres e conjugados ainda é
desconhecida (RICO e BURGAT-SACAZE, 1983).

A excrecéo da ZEA e seus metabdlitos pode ocorrer em um periodo superior
a 72 h (KUIPER-GOODMAN, SCOOT, WATANABE, 1987), sendo que a ZEA e seus
metabdlitos podem ser excretados na forma de compostos livres ou conjugados,
influenciando na sensibilidade individual e na suscetibilidade aos seus efeitos (D'
MELLO et al., 1999).
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4. SUSCETIBILIDADE A ZEARALENONA E SEUS METABOLITOS EM
DIFERENTES ESPECIES ANIMAIS

A taxa e extensdo da producdo de a ou B-ZEL e consequentemente sua
suscetibilidade € dependente da espécie animal (MALEKINEJAD, MAAS-BAKKER,
FINK-GREMMELS, 2006). A suscetibilidade a ZEA varia com as diferencas no
metabolismo hepatico e extra-hepatico das espécies.

Os suinos parecem ser mais sensiveis a ZEA, pois o metabdlito considerado
mais téxico e mais estrogénico, a-ZEL, é produzido em maior quantidade nessa
espécie (FINK-GREMMELS, 2008; GAJECKI, 2002; MALEKINEJAD, MAAS-
BAKKER, FINK-GREMMELS, 2006; UPADHAYA et al. 2010). Esse metabdlito
possui maior afinidade de ligacdo aos REs, a qual é 92 vezes maior em comparacao
a afinidade de ligacdo da ZEA. Ja o B-ZEL tem uma afinidade 2,5 vezes menor
guando ligado aos REs. Portanto, a biotransformacdo de a-ZEL para B-ZEL é
considerada uma reacao de inativacdo, enquanto a biotransformagao para a-ZEL
pode ser vista como uma reagao de ativacdo. Avaliacdes in vitro demonstraram que
0os microssomas do figado de suinos sdo responsaveis por converter ZEA
predominantemente em a-ZEL. Testes in vivo também detectaram a-ZEL na Fase 1
da biotranformacdo em plasma, urina e fezes de suinos apdés a administracdo de
ZEA por via intravenosa (IV) (DANICKE, VALENTA, DOLL, 2004). Estudos
realizados com leitdes sexualmente imaturos demonstraram que a excrec¢ao biliar e
a circulacdo entero-hepatica também sao importantes determinantes dos efeitos
adversos da ZEA nessa espécie. Sugere-se que o glucuronato de zearalenona,
substancialmente excretado pela bile, & reabsorvido e metabolizado pela mucosa
intestinal, chegando posteriormente ao figado e a circulagéo sistémica através do
sistema porta. Foi proposto que este ciclo entero-hepatico prolongaria a retencdo da
ZEA e seus derivados no sistema circulatério, retardando sua eliminacdo e
aumentando a duracdo de seus efeitos adversos (BIEHL et al.,, 1993). Tais
caracteristicas e particularidades da metabolizacdo da ZEA explicariam o fato dessa
espécie ser a mais sensivel aos efeitos de ordem reprodutiva dessa micotoxina
(MALEKINEJAD, MAAS-BAKKER, FINK-GREMMELS, 2006).

Os bovinos sdo mais resistentes aos efeitos adversos da ZEA em

comparacdo aos monogastricos porque neles a micotoxina € predominantemente



29

convertida em B-ZEL, cuja biotransformacdo € considerada uma reacdo de
desativacdo que diminui sua toxicidade (OLSEN, 1989; EFSA, 2017); B-ZEL é
encontrado predominante em fluidos biolégicos como o0 soro sanguineo, bile, urina,
fezes e leite (DANICKE e WINKLER, 2015; EFSA, 2017). Resultados in vitro
sugerem que galinhas poedeiras e bovinos metabolizam a ZEA predominantemente
em B-ZEL, o que confirma a menor propensao aos efeitos da ZEA nesses animais
(MALEKINEJAD, MAAS-BAKKER, FINK-GREMMELS, 2006; ZINEDINE et al., 2007).

5. MECANISMO DE ACAO DA ZEARALENONA

A estrutura quimica da ZEA e de seus metabdlitos é flexivel e semelhante ao
horménio estrogénio (17B-estradiol) (Figura 3). Os metabdlitos ligam-se de forma
competitiva aos REs da célula (DIEKMAN e GREEN, 1992). Dois subtipos de REs
sdo encontrados, REs-a e REs-B, que diferem em afinidade; é reconhecido que a
ZEA possui maior afinidade aos REs-a (EFSA, 2017). O metabdlito de maior
afinidade de ligacdo aos REs é o a-ZEL, embora este seja absorvido somente em
pequenas quantidades/concentracbes (FINK-GREMMELS, 2008; GAJECKI, 2002;
UPADHAYA et al.,, 2010); apos, a afinidade é seguida para a ZEA e B-ZEL
(MALEKINEJAD, MAAS-BAKKER, FINK-GREMMELS, 2006).

A ligacdo aos REs ocorre por uma interacao especifica e, apds alcancarem os
REs citosdlicos no hipotalamo, hipdéfise, utero e glandula mamaria (KUIPER-
GOODMAN, SCOTT, WATANABE, 1987), e atravessarem a membrana celular
passivamente, um complexo receptor-micotoxina € formado. Esse complexo é entédo
transferido para o nucleo da célula, onde se liga a receptores especificos que ativam
a expressdo génica do DNA responsavel pela sintese de RNAm e atividade
polimerase (FINK-GREMMELS e MALEKINEJAD, 2007; KUIPER-GOODMAN,
SCOTT, WATANABE, 1987).

O maior potencial estrogénico de ZEA e de seus metabdlitos é devido ao
mecanismo de agdo e ao tempo de permanéncia no nucleo em comparacdo aos
estrogenos naturais (GAUMY, BAILLY, BURGAT, 2001). Consequentemente, a
secrecdo das células endometriais incrementa a sintese proteica no aparelho
reprodutor e a sintese de proteinas uterinas; estas levam ao aumento do peso do
trato reprodutivo (MALEKINEJAD, MAAS-BAKKER, FINK-GREMMELS, 2006).
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Além da interacdo com os REs, também sdo um substrato competitivo para as
enzimas 3a-HSDs e 3B-HSDs envolvidas na sintese e metabolismo dos horménios
esteroides (FINK-GREMMELS e MALEKINEJAD, 2007; KUIPER-GOODMAN,
SCOTT, WATANABE, 1987). As HSDs estdo presentes no hipotalamo, hipofise,
ovario, testiculos, prostata, intestino, figado e rins (OLSEN, 1989).

Figura 3 — Estrutura quimica do horménio estrogénio 173-estradiol.

OH

Fonte: ZINEDINE et al., 2007.

6. SINAIS CLINICOS DA EXPOSICAO A ZEARALENONA EM SUINOS

Portanto, a ZEA é responsavel por multiplas alteracdes no organismo, e seus
efeitos estdo associados a problemas no trato reprodutivo. As fémeas jovens
parecem ser as mais sensiveis a afec¢bes induzidas por ZEA (JAKIMIUK et al.,
2009). Sinais clinicos como edema de vulva, Utero e mamilos, prolapso vaginal e
infertilidade foram relatados em fémeas submetidas a alimentacéo contaminada com
ZEA (AOYAMA et al., 2009). O hiperestrogenismo pode ocorrer em doses acima de
1 mg/kg de ZEA na dieta (BENNETT e KLICH, 2003). A toxicidade da ZEA altera o
sistema imunolégico e interfere nos aspectos bioquimicos da lipogénese e lipdlise,
impedindo o ganho de peso (DIEKMAN e GREEN, 1992; MAAROUFI et al., 1996).
Tais alteracbes podem levar a pseudogestacdo pela manutencdo do corpo luteo,
resultando em quadros clinicos de vulvovaginite, leitdes fracos e natimortos,
ocorréncia de splayleg, marcada reducdo nas taxas de concepc¢ao e repeticdo de
estro (MALEKINEJAD, MAAS-BAKKER, FINK-GREMMELS, 2006).
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A ZEA induz hepatomegalia e nefromegalia, aumento nos niveis de AST
(aminotransferase), ALT (alanina aminotransferase), GGT (y-glutamato transferase),
ureia, creatinina e MDA (malondialdeido) no soro e no figado (JIANG et al., 2011).
Os leitbes sdo expostos as micotoxinas através da ingestdo de leite quando suas
progenitoras consomem alimentos contaminados com o0s produtos de
biotransformac&o (DANICKE et al., 2007). A intoxicagdo mimetiza o estro e os leitdes
recém-nascidos podem apresentar vulvovaginite infantil. Decréscimo na
sobrevivéncia embrionaria e no peso fetal foram observados em porcas alimentadas
com racdo contaminada com altos niveis de ZEA (ETIENNE e DOURMAD, 1994).
Também ha relato de alteracbes no desenvolvimento dos foliculos ovarianos e dos
embrides ja formados (TIEMANN e DANICKE, 2007). Diversos sinais clinicos podem

ocorrer, variando com a idade do animal e a dose de ZEA ingerida (Tabela 1).

Tabela 1- Diferentes doses de zearalenona e suas consequéncias em suinos.

Doses de ZEA

Espécie Consequéncias Referéncias
P (mg/kg) ‘
Suinos 0.15 Aumento do peso dotrato ) | o 41 2004
reprodutivo
; . . BENNETT e KLICH,
Suinos 1 Hiperestrogenismo
2003
Reducao do tamanho da
Suinos 3-10 leitegada e reabsorgéo MORGAVI e RILEY,
2007
fetal
Suinos Falha de concepcéo,
(porcas prenhes 25-50 pseudogravidez e atrofia BRIDGES et al., 2010
e lactantes) ovariana

Suinos (leitoas) >50 Anestros BAUER et al., 1987




32

7. SINAIS CLINICOS DA EXPOSICAO DA ZEARALENONA EM BOVINOS

Os sinais clinicos provocados pela ZEA e seus metabdlitos em bovinos
variam de acordo com a categoria e o estado reprodutivo, afetando principalmente
fémeas jovens. A maioria dos surtos identificados séo pela forma subaguda e sinais
clinicos inespecificos, havendo comprometimento do sistema imune com
susceptibilidade a doencas secundarias causadas pelo desequilibrio hormonal
(MORGAVI e RILEY, 2007).

Os sinais clinicos em fémeas bovinas se resumem em interferéncia negativa
no sistema reprodutivo, induzindo sinais hiperestrogénicos. A eficiéncia reprodutiva
pode ser comprometida pela reducao na fertilidade e consequentemente pode haver
retorno ao estro com intervalos irregulares, bem como a formacdo de cistos
ovarianos (DE SAEGER et al., 2003). Além disso, essas fémeas podem ser
acometidas por vaginite e secrecao vaginal, edema vulvar, uterino e de glandula
mamaria e prolapso uterino, vaginal e de reto. A maturagcéo dos odcitos, a ovulagéo,
a implantacdo e a gestacdo também poderdo ser afetadas com consequente morte
embrionaria e aborto, bem como reducdo na producédo leiteira (ZINEDINE et al.,
2007).

Tabela 2 - Diferentes doses de zearalenona e suas consequéncias em bovinos.

Categoria Dose de ZEA

animal (ma/kg) Efeitos Referéncias

Infertilidade, falso estro,
Vacas de leite 3.19-9.55 edema de vulva e vaginal, ROINE et al., 1971.
secrecao vaginal

Infertilidade, efeitos
hiperestrogenismo,
Vacas 1 letargia, anemia, recusa
alimentar e reducéo da
producéo de leite

Bovinos* 12 Aborto MIROCHA et al., 1976.
Disfuncéo reprodutiva,
ninfomania, hipertrofia
Bovinos* >10 uterina, repeticdo de cio, FRASER, 1996.
secrecdes vaginais,
aborto, perda de peso

MIROCHA e
CHRISTENSEN, 1974.
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Infertilidade, reducéo da
taxa de concepcéao,

Novilhas <10 o . OSWEILER, 1998.
repeticdo de cio e edema
da glandula mamaria
Infertilidade, reducéo da
taxa de concepcéao,
Vacas adultas >10 repeticio de cio, vaginite e OSWEILER, 1998.
secrecdes vaginais
Bovinos* 1.5-3 Efeitos hiperestrogénicos D' MELLO et al., 1999.
Reducéo da taxa de
Vacas ciclicas >10 concepcéo BRIDGES et al., 2010.
Atraso da puberdade,
Novilhas 1.5-5 vaginite e edema de BRIDGES et al., 2010.
glandula mamaria
Vacas prenhes 20 Reabsorcdo e aborto BRIDGES et al., 2010.

*Sem categoria definida

Autor: PARMEGGIANI et al., 2018.

8. ADITIVOS ANTIMICOTOXINAS

Pela interferéncia das micotoxicoses no desenvolvimento dos animais, varias
alternativas tém sido estudadas a fim de minimizar intoxicacbes (RAMOS e
HERNANDEZ, 1997). A mais empregada é a fisica: os AAM, adsorventes nao-
nutritivos, séo incluidos na racao; estes se ligam as micotoxinas no TGI, diminuindo
sua absorcao (HUWIG et al., 2001). O uso de AAM é uma estratégia que pode ser
usada para reduzir os efeitos negativos da intoxicacdo por ZEA, uma vez que
possuem mecanismos de acao capazes de adsorver, biotransformar ou neutralizar a
toxina (KELLER et al., 2012).

A eficiéncia de ligacdo as micotoxinas € dependente das propriedades fisicas
e quimicas dos adsorventes como também das micotoxinas (HUWIG et al., 2001).
Polaridade, solubilidade, forma, tamanho, distribuicdo e dissociacdo de carga dos
adsorventes também determinam a especificidade em relacdo as micotoxinas
(AVANTAGGIATO et al., 2003). Ha varias substancias capazes de se ligar a esses
compostos toxicos e evitar sua absorcao intestinal a partir do alimento contaminado
(BRYDEN, 2012). Uma adsorgéao eficiente de ZEA por certas zeolitas, produtos
derivados de parede celular de leveduras e adsorventes poliméricos, tem sido
demonstrada in vitro (BUENO et al., 2005).
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A eficacia desses produtos precisa ser comprovada antes de serem
introduzidos no mercado, uma vez que podem apresentar grande variabilidade em
suas propriedades fisicas e quimicas; para tanto, estudos experimentais in vivo
devem ser desenvolvidos. A EFSA apresenta as orientacbes para a realizacao
desses estudos de eficacia com AAM e 0s pontos a serem seguidos, 0s quais sao
especificados individualmente para cada micotoxina (EFSA, 2010). Os estudos in
vivo sdo mais eficientes na avaliacdo da adsorgéo de micotoxinas e permitem avaliar
também a influéncia do adsorvente na digestibilidade de dietas e absorcdo de
nutrientes (AVANTAGGIATO et al., 2003).

Os relatos na literatura geralmente descrevem a eficacia desses materiais
com base em parametros inespecificos, como peso de érgaos, consumo de racao e
desempenho zootécnico. Atualmente, preconiza-se a realizacdo de ensaios de
eficacia especificos, com base em estudos de absorcéao, distribuicdo, metabolismo e
excrecado, utilizando biomarcadores. Além de avaliar a eficacia de aditivos, a
utilizacdo de biomarcadores especificos presentes em fluidos corporais, como 0 soro
sanguineo ou urina, também sdo utilizados para mensurar a exposicdo das
micotoxinas em nivel individual, além de realizar estudos toxicocinéticos
(KOLOSOVA e STROKA, 2011; DE BAERE et al., 2012; DEVREESE et al., 2012).

9. BIOMARCADORES DE EXPOSICAO PARA MICOTOXINAS

As micotoxinas tém sido extensivamente estudadas com respeito a
mecanismo de acdo, mutagenicidade e atividade carcinogénica. O conhecimento
desses mecanismos levou ao desenvolvimento de biomarcadores, como 0s produtos
de biotransformacdo e adutos de macromoléculas. Para confirmar que a doenga
constitui uma micotoxicose, é necessario mostrar a relacdo dose/resposta entre a
micotoxina e os efeitos toxicos, que pode ser evidenciada pela utilizagdo de
biomarcadores (BANDO et al., 2007).

Sendo assim, a deteccdo de biomarcadores especificos pode auxiliar na
identificacdo, diagndstico e tratamento de individuos que podem estar sob risco, mas
gue ainda néo apresentam sinais clinicos. Os biomarcadores sédo classificados como
marcadores de exposicdo, de efeito e de susceptibilidade. Como exemplo de

marcadores de exposi¢cdo, pode-se citar as substancias xenobiéticas, seus
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metabdlitos ou o produto de interacdo entre a substancia e uma molécula ou célula-
alvo (AMORIM, 2003).

Diversos biomarcadores sao usados para avaliar a exposicao a diferentes
micotoxinas. Para as AFLA, sdo analisados os metabolitos urinarios de aflatoxina B1
(AFB1), como aflatoxina M1, aflatoxina P1, aflatoxina Q1, aflatoxina livre em soro ou
plasma, os adutos de AFB-N7-guanina, os adutos de albumina ou mutacao no gene
supressor de tumor p53, presentes em fluidos biologicos. Para as FUMO, os
biomarcadores sdo os niveis de fumonisina B1 e fumonisina B2 livres, ou de
esfinganina e esfingosina em sangue e urina. O deoxinivalenol (DON) tem como
biomarcadores de exposicdo o0s produtos de seu metabolismo e adutos
macromoleculares (proteina/DNA) presentes nos fluidos biolégicos. Para a
exposicdo a OTA, os biomarcadores se restringem a quantificacdo da prépria toxina
nos fluidos biolégicos (BANDO et al., 2007).

A ZEA, seus metabolitos e seus glicuronideos podem ser encontrados em
animais, o que torna relevante a analise para avaliar a biotransformacdo da
micotoxina (OLSEN et al., 1985; ZOLLNER e MAYER-HELM, 2006; DANICKE e
BREZINA 2013). Embora diferentes métodos para a determinacdo de ZEA tenham
sido desenvolvidos na ultima década, com excecdo da urina, métodos para a
determinacdo desses compostos em amostras fisiologicas sdo escassos (DE
BAERE et al., 2012).

A identificacdo e a mensuracdo dos biomarcadores para a avaliacdo da
exposicdo animal a ZEA por meio de metodologias analiticas simples, rapidas,
precisas e exatas pode ajudar a prevenir ou minimizar os agravos a saude animal. O
biomarcador escolhido para exposicado deve ser especifico para cada micotoxina e
espécie-alvo, intimamente relacionado a exposicao e de facil deteccdo com métodos
analiticos sensiveis validados para a matriz utilizada (EFSA, 2010). A EFSA propos
diferentes biomarcadores para exposicao a AFLA, DON, ZEA, OTA e FUMO (Tabela
3).
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Tabela 3- Biomarcadores mais relevantes para exposi¢cao as micotoxinas de acordo
com a Autoridade Europeia para a Seguranc¢a dos Alimentos (EFSA, 2010).

Micotoxina Biomarcador de exposicao
Aflatoxina Aflatoxina M1 no leite/ovos
Deoxinivalenol DON/metabdlitos em soro sanguineo

ZEA e a + e p-zearalenol em soro sanguineo ou

Zearalenona excrecdo de ZEA/metabdlitos
Ocratoxina A OTA no rim (ou soro sanguineo)
Fumonisina B1 + B2 Esfinganina/Esfingosina em sangue, plasma ou tecidos

10. DESENVOLVIMENTO DE METODOLOGIA PARA A DETECCAO DE
ZEARALENONA E SEUS METABOLITOS EM SORO SANGUINEO

Ha estudos realizados com HPLC em combinacdo com ultravioleta (BIEHL et
al., 1993), fluorescéncia (DANICKE et al., 2005; OLSEN et al., 1985; PILLAY et al.,
2002) ou MS/MS para a deteccao (SONGSERMSAKUL et al., 2006; ZOLLNER et al.,
2002; SHIN et al., 2009) de ZEA em soro sanguineo ou urina de animais. Alguns
métodos analisaram ZEA (SHIN et al., 2009), enquanto outros também incluiram
seus principais metabolitos (SONGSERMSAKUL et al., 2006; ZOLLNER et al., 2002;
DANICKE et al., 2005; DONG et al., 2010; DANICKE et al., 2001).

No caso da ZEA, foram sugeridos dois pontos, isto é, é possivel realizar a
determinacdo da concentracéo plasmatica em funcdo do tempo (toxicocinética) entre
a toxina e os principais metabdlitos ou a avaliacdo da excre¢cdo da ZEA e seus
metabolitos (EFSA, 2010). Dentro desse estudo, amostras de sangue foram
selecionadas em detrimento de outras matrizes, como a bile ou a urina, sendo que

estas muitas vezes requerem a a cateterizagao.

Com isso, métodos analiticos sensiveis que possam ser utilizados como um
parametro bioquimico para a investigacdo da efichAcia de AAM sdo necessérios,

juntamente com a avaliagcdo da presenca desses compostos toxicos; assim, um
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biomarcador da exposicado a ZEA podera ser usado em amostras de soro sanguineo

de espécies susceptiveis.

10.1 PREPARO DE AMOSTRA

A andlise cromatografica de substancias presentes em matrizes como soro e
urina, em geral, requer um pré-tratamento da amostra. As razdes para iSSO Sao
diversas, destacando-se a complexidade das matrizes bioldgicas das quais 0s
compostos sdo obtidos, a existéncia de proteinas que sdo incompativeis com as
colunas cromatograficas (HUBERT et al., 1999) e a concentracdo das substancias a
serem analisadas a nivel de traco. As técnicas de extracdo e/ou pré-concentracéo
permitem que a andlise dos componentes de interesse se torne possivel. A meta
final € a obtencdo de uma sub-fracdo da amostra original enriquecida com as
substancias de interesse analitico, de forma que se obtenha uma separacao
cromatografica livre de interferentes, com deteccdo adequada e um tempo razoavel
de andlise (QUEIROZ, COLLINS, JARDIM, 2001).

A maior parte dos métodos em quimica analitica necessitam de etapas
corretas de extracao e clean up, com excecédo de alguns como ELISA, por exemplo.
Os métodos de extracdo sdo utilizados para remover o analito da matriz, e cada
método depende da polaridade do analito a ser analisado. A etapa de clean up do
método é uma etapa importante, pois a pureza da amostra afeta a sensibilidade dos
resultados. Baixos niveis de concentracdo podem ser mascarados por compostos
interferentes, ndo apenas nos encontrados na matriz, mas também nos materiais,
solventes e produtos utilizados. As vidrarias também devem estar livres de
contaminacdo; detergentes alcalinos, por exemplo, podem formar sais com o0s
compostos e resultar em baixas taxas de deteccdo (TURNER, SUBRAHMANYAM,
PILETSKY, 2009).

As técnicas mais comumente utilizadas para extracao e/ou pré-concentracao
de compostos presentes em fluidos bioldgicos séo: extracdo liquido-liquido (ELL),
extracdo em fase solida, extragdo com fluido supercritico e extragdo com
membranas solidas (didlise e ultrafiltracdo) ou liquidas. Tais técnicas tém sido
automatizadas para uso na rotina, pois eliminam erros humanos de manipulacao,

diminuem o tempo de assisténcia do analista durante a analise, evitam o risco de
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contato com substancias prejudiciais a saude e aumentam significativamente o
namero de andlises de amostras por tempo (QUEIROZ, COLLINS, JARDIM, 2001).

10.2 EXTRACAO LIQUIDO-LIQUIDO (ELL)

Os métodos de extracdo sao utilizados para remover o analito da matriz, e
cada método depende das propriedades fisico-quimicas das micotoxinas. Algumas
combinagbes de solventes, muitas vezes com adicdo de modificadores (por
exemplo, acidos e bases), sao utilizados para a extracdo (TURNER,
SUBRAHMANYAM, PILETSKY, 2009).

Na ELL ocorre a particdo da amostra entre duas fases imisciveis (organica e
aguosa). A eficiéncia da extracdo depende da afinidade do soluto pelo solvente de
extracao, da razao das fases e do numero de extracdes. Possui as vantagens de ser
simples (na configuragdo mais comum usa-se um funil de separagéo ou tubos de
centrifuga) e poder utilizar um numero grande de solventes, puros e disponiveis
comercialmente, os quais fornecem uma ampla faixa de solubilidade e seletividade
(QUEIROZ, COLLINS, JARDIM, 2001). As vantagens da acetonitrila, por exemplo,
estdo ligadas a extracdo de componentes de diferentes polaridades, eficiente
desnaturacao de proteinas, além da possibilidade de extracdo de um maior nimero
de coextrativos, tais como pigmentos e gorduras (BERENDSEN, STOLKER,
NIELSEN, 2013; CHIAOCHAN et al., 2010; MOL et al., 2008). Além disso, as
proteinas presentes nas amostras sdo desnaturadas, eliminando a contaminacao da

coluna cromatografica.

10.3 USO DA CROMATOGRAFIA LIQUIDA ACOPLADA A ESPECTROMETRIA DE
MASSAS PARA ANALISE DE MICOTOXINAS

Os métodos convencionais atuais para a determinacdo das micotoxinas em
baixas concentracdes dependem da cromatografia liquida de alto desempenho,
HPLC, acoplada a um detector ultravioleta ou de fluorescéncia e mais recentemente,
a deteccao por MS/MS (BOUTSIADOU-THEURILLAT, MEIER, RICHARD, 2014).

A cromatografia € uma técnica utilizada para separar a amostra em varias
fracOes e, consequentemente, tais fracbes devem ser identificadas e quantificadas

por um detector apropriado. A amostra € movida através de uma coluna, preenchida
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com uma fase estaciondria, enquanto uma fase mével é continuamente bombeada
através da coluna. Os componentes da amostra sofrem uma série de equilibrios de
particdo entre as duas fases e vdo sendo separados na coluna e sequencialmente
eluidos (COLLINS, BRAGA, BONATO, 2006).

MS/MS é empregada para o estudo das massas de atomos, moléculas ou
fragmentos de moléculas (CHIARADIA, COLLINS, JARDIM, 2008). E uma
ferramenta h4 muito utilizada para a medida de is6topos e para determinar a
estrutura de moléculas. Atualmente é a melhor técnica de detecgéo, pois é sensivel
a pequenas quantidades do analito, fornece informacdes qualitativas e quantitativas
sobre os compostos e pode distinguir substancias diferentes com o mesmo tempo
de retencdo (KORFMACHER et al., 1991). Porém, dispositivos chamados fontes de
ionizacdo sao necessarios para que ocorra o acoplamento entre HPLC e MS/MS;
assim, ocorre a remocdo do solvente e o interfaceamento entre a coluna
cromatografica e o espectrobmetro de massas. Tais fontes facilitam a transferéncia da

amostra para a fase gasosa e a ionizagédo da mesma (FERNANDEZ-ALBA, 2005).

O uso do detector de massas oferece o efeito de alta sensibilidade,
seletividade, exatiddo na identificagdo do analito e quantificacdo precisa
(BOUTSIADOU-THEURILLAT, MEIER, RICHARD, 2014). Na analise de micotoxinas
por HPLC-MS/MS, tem-se como ferramenta principal o uso de processos de
extracdo, purificacdo e derivatizagdo; dessa forma, é possivel realizar a detecgéo e
quantificacdo dos compostos. Devido a alta sensibilidade e seletividade, a HPLC-
MS/MS é frequentemente o método de escolha na andlise de niveis de traco de

contaminantes polares (NIELSEN et al., 2007).

11. VALIDACAO DA METODOLOGIA ANALITICA

E fundamental que os laboratdrios disponham de meios e objetivos criteriosos
para demonstrar, através da validacdo, que os métodos de ensaio que executam
conduzem a resultados confiaveis e adequados a qualidade pretendida. Se um
método for modificado para atender aos requisitos especificos, ou um método
totalmente novo for desenvolvido, o laboratério deve assegurar que as
caracteristicas de desempenho do método atendam aos requisitos para as
operacdes analiticas pretendidas (LANCAS, 2004; LEITE, 2002).
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11.1 ESPECIFICIDADE E SELETIVIDADE

A especificidade e seletividade de um método analitico dependem de quanto
essa metodologia é indiferente a presenca de interferentes na amostra que podem
alterar a determinagédo do analito (ALBANO e RAYA-RODRIGUEZ, 2015). Um
método que produz resposta para apenas um analito € chamado especifico. Um
método que produz respostas para varios analitos, mas que pode distinguir a
resposta de um analito em relagcdo a outros, € chamado seletivo. A seletividade
assegura que o sinal analitico seja exclusivamente do composto de interesse. Se
nao houver garantia desse parametro, a linearidade, a exatidao e a precisdo estarao
seriamente comprometidas (INMETRO, 2011; RIBANI et al., 2004).

11.2 LINEARIDADE E CURVA ANALITICA

A linearidade corresponde a capacidade do método de fornecer resultados
diretamente proporcionais a concentracado da substancia em exame, dentro de uma
determinada faixa de aplicacdo (RIBANI et al., 2004). A linearidade é obtida por
padronizacao interna ou externa e formulada como expressdo matematica usada
para o célculo da concentracdo do analito a ser determinado na amostra real. A
eqguacdao da reta que relaciona as duas variaveis é:

y =a+ bx

Sendo:

y = resposta medida (absorbéancia, altura ou area do pico, etc.)

X = concentracao

a = interse¢do com o0 eixo y, quando x =0

b = inclinacdo da curva analitica = sensibilidade.

O meétodo é mais sensivel quando pequenas variacdes de concentracao
resultam em maior variagdo na resposta, ou seja, maior inclinagéo (b) (INMETRO,
2011).

11.3 LIMITE DE DETECCAO

O limite de deteccéo (LOD) representa a menor concentracdo da substancia
em exame que pode ser detectada, mas nao necessariamente quantificada,
utilizando um determinado procedimento experimental. J& o LOD do método é

definido como a concentragdo minima de uma substancia medida e declarada com
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95 a 99% de confianca de que a concentracdo do analito é maior que zero (RIBANI
et al., 2004; INMETRO, 2011; ALBANO e RAYA-RODRIGUEZ, 2015).

11.4 LIMITE DE QUANTIFICACAO

O limite de quantificacdo (LOQ), ou “Limite de Determinagao”, corresponde
normalmente ao padréo de calibracdo de menor concentracdo (excluindo o branco)
(INMETRO, 2011). A determinagdo do LOQ representa um compromisso entre a
concentracdo, a precisao e a exatidao exigidas. Isso significa que, quando decresce
o nivel de concentracdo do LOQ, a medi¢éo torna-se menos precisa (RIBANI et al.,
2004). Pode ser obtido por diluigdo da solugdo “méae” sobre a amostra real, até néo
se obter mais sinal analitico confiavel, retornando a concentracdo anterior. Sendo

esta confiavel, € entdo aceita como o LOQ (LEITE, 2002).

11.5 EXATIDAO

Representa o0 grau de concordancia entre os resultados individuais
encontrados em um determinado ensaio e um valor de referéncia aceito como
verdadeiro (RIBANI et al., 2004). A exatiddo pode ser avaliada através dos ensaios
de fortificacdo e recuperacéo de matriz branca (EUROPEAN COMMISSION, 2002).

11.6 TENDENCIA/RECUPERACAO/FORTIFICACAO

Os processos normalmente utilizados para avaliar a tendéncia de um método
sdo: uso de materiais de referéncia certificados (MRC), participacdo em
comparacdes interlaboratoriais, comparagcdo com método de referéncia (ou método
validado) e realizacdo de ensaios de recuperagdo. A tendéncia, quando aplicada a
uma série de resultados de ensaio, implica huma combinagdo de componentes de
erros aleatorios e sistematicos. A determinacdo da tendéncia com relacdo aos
valores de referéncia apropriados € importante no estabelecimento da

rastreabilidade aos padrdes reconhecidos.

11.7 PRECISAO (REPETIBILIDADE, PRECISAO INTERMEDIARIA E
REPRODUTIBILIDADE)

Normalmente determinada para circunstancias especificas de medi¢éo, sendo

comumente expressa através de trés maneiras: repetibilidade, precisao intermediaria
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e reprodutibilidade. O desvio padrdo e o coeficiente de variacdo sdo usados para a

sua expressao.

Repetibilidade: Os ensaios com uma boa repetibilidade possuem baixos
desvios sendo efetuados de maneira independentes com o mesmo método, com
material de ensaio idéntico, no mesmo laboratorio, pelo mesmo analista e utilizando
0 mesmo equipamento, assim como medi¢des repetidas no mesmo objeto ou em
objetos similares durante um curto periodo de tempo (INMETRO, 2011). A
repetibilidade pode ser expressa quantitativamente em termos da caracteristica da
dispersdo dos resultados e pode ser determinada por meio da andlise de padrdes,
material de referéncia ou adicdo do analito ao branco da amostra, em varias

concentracdes na faixa de trabalho.

Precisdo Intermediéria: A precisdo intermediaria refere-se a precisao avaliada
sob condicbes que compreendem o mesmo procedimento de medicdo, 0 mesmo
local e medicbes repetidas no mesmo objeto ou em objetos similares, ao longo dum
periodo extenso de tempo, mas pode incluir outras condi¢cdes submetidas as
mudancas (INMETRO, 2011). Nesse estudo, deve-se definir exatamente quais
condi¢cbes serdo variadas (uma ou mais), tais como: diferentes analistas, diferentes
equipamentos e diferentes tempos. Essa medida de precisdo representa a

variabilidade dos resultados em um laboratoério.

Reprodutibilidade: Embora a reprodutibilidade ndo seja um componente de
validacdo de método executado por um unico laboratério, é considerada importante
quando um laboratério busca a verificacdo do desempenho dos seus métodos em
relacdo aos dados de validacao obtidos por meio de comparacéao interlaboratorial.

11.8 EFEITO MATRIZ

O efeito matriz é a alteragdo ou interferéncia direta ou indireta na resposta de
um instrumento, como por exemplo um espectrometro HPLC-MS/MS, causado pela
presenca de analitos que ndo sdo de interesse na analise especifica ou de outras

sustancias interferentes nas amostras (UNODC, 2010).

11.9 ROBUSTEZ
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A robustez de um método de ensaio mede a sensibilidade que este apresenta
frente a pequenas variacbes experimentais. Um método pode ser considerado
robusto se for insensivel a essas variacdes (ALBANO e RAYA-RODRIGUEZ, 2015).
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Abstract

The inclusion of antimycotoxins additives (AMA\) in the diet of production animals has been
widely used to avoid mycotoxins exposure. In order to confirm the efficacy of such products
in vivo, measurement of mycotoxins and/or their metabolites in biological fluids is
preconized. This study aimed at determining the serological biomarkers of Zearalenone
(ZEA), a-zearalenol, B-zearalenol, a-zearalanol, p-zearalanol (B-ZAL) and zearalanone, to
evaluate the efficacy of an AMA in beef heifers. The trial lasted 37 days: 11 days of
adaptation, 21 days of actual experiment, and 5 days of regression. Twenty-four heifers were
randomly assigned to receive one of the following treatments (n=6/group): T1) basal diet
(control); T2) basal diet + 5 mg/kg of ZEA; T3) basal diet + 5 mg/kg of ZEA + 2.5 kg/t of
AMA; and T4) basal diet + 5 mg/kg of ZEA + 5.0 kg/t of AMA. Blood sampling was
performed on different days after the diet was given. The samples were centrifuged to obtain
the blood serum, and then analysed by Liquid Chromatography Coupled to Tandem Mass
Spectrometry (LC-MS/MS). B-ZAL was detected above the limit of quantification both in the
unconjugated (>0.60 pg/kg) and conjugated (>0.90 pg/kg) forms. The remaining metabolites
presented concentrations under the limit of detection. In the efficacy evaluation of the AMA,
there was no significant difference (P>0.05) between the treatments with and without additive
at the tested levels of inclusion, demonstrating that the AMA did not mitigate exposure to the
toxin. In the evaluation of ZEA exposure, there was significant difference (P<0.05) between
control and ZEA (5 mg/kg). Thus, B-ZAL may be employed as a biomarker of ZEA exposure
via diet to evaluate the efficacy of an AMA through serological parameter. The technique
applied in this study proved to be an adequate alternative for in vivo confirmation of the
efficacy of products in adsorbing the toxin.

Key-words: additives, blood, clays, mass spectrometry, mycotoxins

1. Introduction

Zearalenone (ZEA) is a non-steroidal estrogenic mycotoxin that structurally resembles the
estrogenic hormone, and is produced by several species of the genus Fusarium (EFSA,
2004a,b). These fungi may be found in cereal crops as rye, sorghum, wheat and maize as well
as in pasture, silage and hey, all of which are commonly used in cattle feed (Minervini and
Dell’aquila, 2008; Zinedine, 2007). Thus, since they ingest a wider variety of substrates
which are prone to fungal contamination, cattle are more exposed to mycotoxins when
compared to swine and poultry (O’brien et al., 2006).

After being ingested, ZEA undergoes hepatic biotransformation reactions which are catalysed
by enzymatic systems that convert the toxin into the following metabolites: a-zearalenol (o-
ZOL), B-zearalenol (B-ZOL), a-zearalanol (a-ZAL), B-zearalanol (B-ZAL) and zearalanone
(ZAN) (Bottalico et al., 1985). Based on these reactions, the interest in exploring the
existence of metabolites in the conjugated and unconjugated forms arises (Malekinejad et al.,
2006). In bovines, ZEA is mainly metabolized into B-ZOL, which is considered the most toxic
metabolite for this species (EFSA 2010, 2011; Malekinejad et al., 2006). It triggers clinical
signs with estrogenic properties (Mirocha and Christensen, 1974) such as reduction in
productive performance, changes in the genital organs and reproductive problems like
hyperestrogenism and infertility (Fink-Gremmels and Malekinejad, 2007).

The additive compounds derived from clay present a high affinity for some mycotoxins, with
which they may form stable complexes and thus avoid or reduce systemic adsorption of
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toxins; therefore, these are efficient and practical products to be added to the diet of
production animals (Abb'Es et al., 2007). According to the European Food Safety Authority
(EFSA, 2012), in vitro tests and in vivo experiments are required to evaluate the efficacy of
such additive compounds. The zootechnical parameters assessed in in vivo tests must be
reported; nonetheless, these criteria are not sufficient to demonstrate the efficacy of
substances in reducing the toxic effects caused by mycotoxins (De Baere et al., 2012; EFSA,
2012; Gambacorta et al., 2016). In order to have an in vivo confirmation of the binder’s
efficacy, it is necessary to measure the mycotoxins or their metabolites in biological fluids
and/or tissues (EFSA, 2010). The evaluation of biomarkers in faeces/urine and/or their
serum/blood concentration is thus preconized. In the case of ZEA, the concentrations of ZEA,
a-ZOL and B-ZOL should be analysed in blood serum, and/or the excretion of ZEA and its
metabolites. There is also a need for further dose-response studies to improve the database
regarding ruminants, and to substantiate a parameter of animal exposure to mycotoxins
(EFSA, 2012).

Measurement of serological biomarkers which are specific of mycotoxins exposure represents
a promising approach to evaluate the in vivo efficacy of an AMA. There is a paucity of
information regarding ZEA and its metabolites in bovine blood serum (Winkler et al., 2014,
2015). Therefore, the current study aimed to assess the use of serological biomarkers, a-ZOL,
B-ZOL, a-ZAL, B-ZAL and ZAN, as indicators of ZEA exposure for diagnostic perspective in
beef heifers, and to verify the efficacy of an additive through the relations between the levels
of serological metabolites.

2. Materials and methods
Animals, feed and experimental design

The following protocol was approved by the Ethics Commission on Animal Use of the
Federal University of Santa Maria (protocol n°® 5706070417). The experimental field occupied
a 24-hectare area where the heifers were under continuous grazing of native grass and had
unrestricted access to drinking water. The feed was supplemented in individual feeders at 1.8
kg/animal/day, being estimated at 0.7% of the average body weight (BW) of the lot to adjust
losses. The isonutritive diets were formulated according to the NRC (2018) demands for the
animal category; they were composed of 52% corn bran, 25% soybean meal, 20% wheat bran,
3% vitaminic/mineral premix and salt. A chemical-physical assay was conducted to obtain the
data regarding the nutritional composition of the feed, including crude fibre, total fats
(Instituto Adolfo Lutz, 2005), total protein, fixed mineral residue — ashes (MAPA, 1991),
metabolizable energy and dry matter (Table 1).

Table 1. Nutritional composition of the basal feed.

Assay Result Unit LOQ
Metabolizable energy 346.33 Kcal/100g NE
Crude fiber 3.59 % 0.1
Total fats 2.8 9/100g 1.0
Dry matter 89.42 g/100g NE
Total protein, foods 14.71 9/100g 0.15
Fixed mineral residue (ashes) 5.61 9/100g 0.07

LOQ: Limit of Quantification; NE: Not Specified.
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Twenty-four Simental x Braford beef heifers (271+11.14 kg; 2 years old) were selected for
the tests. The trial lasted 37 days: 11 days of adaptation, 21 days of actual experiment, and 5
days of regression. The experimental design was entirely randomized, and the animals
received one of the following treatments (n=6/group): T1) basal diet (control); T2) basal diet
+ 5 mg/kg of ZEA; T3) basal diet + 5 mg/kg of ZEA + 2.5 kg/t of AMA; and T4) basal diet +
5 mg/kg of ZEA + 5.0 kg/t of AMA.

A pilot study was conducted to determine the level of ZEA to be used in this study. Different
doses were tested (0, 5, 10 and 15 mg/ZEA/kg) in order to verify which one would trigger
clinical signs. The aforementioned design is part of a study by Parmegianni (2018), in which
the experimental diets and in vivo zootechnical assessments were describe. Clinical signs
(vulvovaginitis) were observed at 5 mg/ZEA/Kg. The AMA added to the heifers’ diet
contained modified bentonite, and the experiment followed the recommendations of the
Ministry of Agriculture, Livestock, and Supply (MAPA) for registration and continuous use
of AMA (MAPA, 2006).

Blood collection and samples preparation

Blood was collected from all experimental groups within 24 h of diet administration on days
1, 5, 10, 15, 20 and 25. The samples remained at rest for 30 min and were then centrifuged
(15 min, 2,500 rpm) to separate the blood serum; next, they were stored at -20 °C. Prior
analyses, the samples were thawed at room temperature for a maximum period of 1 h. In total,
144 blood samples were collected and 288 samples of blood serum were analysed so that the
existence of ZEA metabolites in the conjugated and unconjugated forms could be explored.

Chemical products and reagents

All standards (a-ZAL, B-ZAL, o-ZOL, B-ZOL and ZAN) with concentrations of 10 pg/ml
were diluted in mobile phases and acquired from Biopure (Tulln, Austria); they were stored
according to the manufacturer’s recommendations.

B-glucuronidase Type HP-2 from Helix pomatia was acquired from Sigma-Aldrich (S&o
Paulo, Sdo Paulo); it was stored as indicated by the manufacturer (2-8 °C). Sodium acetate
buffer (pH = 5.5) was prepared by mixing 11 mL of an acetic acid solution (0.2 M) and 89
mL of sodium acetate (0.2 M).

The solvents which were used to prepare the mobile phases, as the aqueous (water and
ammonium acetate) and the organic (methanol) phases, were of Liquid Chromatography
Coupled to Tandem Mass Spectrometry (LC-MS/MS) grade; they were purchased from J.T
Baker (Mexico City, Mexico). Ultrapure water was obtained from a Milli-Q® Advantage A10
Water Purification System (Millipore, Bedford, MA, EUA).

Blood serum analysis
Determination of the serological concentrations was performed via LC-MS/MS based on a
method described by De Baere et al. (2012), with modifications being made in sample

preparation and chromatographic configurations.

Determination of the unconjugated metabolites
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In a microtube, 750 pl of acetonitrile was added to 250 pl of blood serum; the sample was
mixed in vortex (15 s) and then spun (10 min, 14,000 rpm). The supernatant was transferred
to another tube and evaporated using nitrogen (N;) (=50 °C). The dry residue was
reconstituted in 100 pl of a mixture of water/methanol (50:50, v/v). Following vortex mixing
for 1 min, the sample was centrifuged once again (10 min, 14,000 rpm, 0 °C). An aliquot of
40 ul was injected and analysed through LC-MS/MS.

Determination of the conjugated metabolites

In a microtube, 500 ul of sodium acetate buffer (pH 5.5) and 25 pl of B-glucuronidase Type
HP-2 from Helix Pomatia were added to 250 pl of blood serum. The tube was homogenized
in vortex (15 s) and then incubated for 24 h at 37 °C. Subsequently, 3 ml of acetonitrile were
added and the sample was vortex mixed for 20 min and then spun (15 min, 4,000 rpm). The
supernatant was collected and fully evaporated using a gentle N stream (~50 °C). The dry
residue was reconstituted in 100 pl of a water/methanol mixture (50:50, v/v). Following
vortex mixing, the sample was centrifuged once more (10 min, 14,000 rpm, 0 °C). An aliquot
of 40 pl was injected and analysed via LC-MS/MS.

Chromatography analysis coupled to tandem mass spectrometry

Chromatographic separation of the compounds was performed in a 1200 Series Infinity HPLC
system (Agilent, Palo Alto, USA), with posterior detection in a triple quadrupole mass
spectrometer 4000 QTRAP system (Applied Biosystems, Foster City, USA). A Zorbax SB-
C18 column (4.6x150 mm, 5 pum particle diameter) (Agilent, Palo Alto, USA) was used.
Standards and samples were analysed using a mobile phase composed of ammonium acetate
0.1% (v/v) in water (solvent A), and ammonium acetate 0.1% (v/v) in methanol (Solvent B).
Chromatographic analysis lasted 17 min, and the column was kept at 40 °C.

Analytical Quality Assurance

The limit of quantification (LOQ) and the limit of detection (LOD) were established by means
of the signal-to-noise ratio (LOQ=10/1, LOD=3/1) to ensure analytical quality. Seven spiked
replicates were analysed in three different concentrations for the analyte of interest to estimate
recovery. Linearity was assessed through the coefficient of determination (R?) of the
analytical curves of each compound, which was identified by its retention time (RT) and
molecular mass (MM). Values of the analytical parameters are shown in Table 2.

Table 2. Analytical parameters observed in the recovery studies.

Analytical

. LOD LO Recover
praie MM RT@D - Gime R gy o) 06
a-ZAL 321 8.01 0.04-2.4 0.99 0.002 0.04 100
B-ZAL 321 8.67 0.2-12 0.99 0.03 0.2 99
a-ZOL 319 8.21 0.2-12 0.98 0.16 0.2 99
B-ZOL 319 8.81 0.3-18 0.98 0.23 0.3 98
ZAN 319 8.97 0.4-24 0.97 0.02 0.4 98

MM: Molecular mass RT: Retention time R% Determination coefficient.
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Statistical analysis

Descriptive statistics was applied for data analysis (mean and coefficient of variation). The
means were compared through Analysis of Variance (ANOVA) using the Duncan’s Test
(P<0.05). The software Statgraphics Centurion XV® version 15.1 was employed to conduct
the evaluations.

3. Results
Biomarkers of ZEA exposure

The evaluated biomarkers of ZEA exposure were a-ZAL, B-ZAL, a-ZOL, B-ZOL and ZAN.
The samples collected before feed administration and the control treatment (0 mg/ZEA/KQ)
did not express concentrations of ZEA biomarkers (<LOQ). After feeding, the concentrations
found in the samples of groups T2, T3 and T4, which received ZEA, were below the LOQ for
a-ZAL, a-ZOL and B-ZOL, and above the LOQ for B-ZAL; ZAN was not detected. Among
the unconjugated (Table 3) and conjugated (Table 4) metabolites determined on days 1, 5, 10,
15, 20 and 25 of exposure, B-ZAL was found as the most predominant one.

Table 3. Mean concentration of unconjugated metabolites in blood serum on different
days of exposure to 5 pg/ZEA/Kg.

Days
1 5 10 15 20 25
a-ZAL ND D D D D D
B-ZAL ND D 0.80 D 0.60 D
a-ZOL ND D D D D D
B-ZOL ND D D D D D
ZAN ND ND ND ND ND ND

ND: not detected (<LOD); D: detected (>LOD and <LOQ); Value: >LOQ.

Table 4. Mean concentration of conjugated metabolites in blood serum on different days
of exposure to 5 pg/ZEA/Kg.

Days
1 5 10 15 20 25
a-ZAL ND D D D D D
B-ZAL ND D 1.90 D 1.76 D
a-ZOL ND D D D D D
B-ZOL ND D D D D D
ZAN ND ND ND ND ND ND

ND: not detected (<LOD); D: detected (>LOD and <LOQ); Value: >LOQ.
Evaluation of AMA efficacy via serological parameter

In order to verify the efficacy of the tested binder, the biomarkers were measured 24 h after
ingestion of ZEA along with the AMA (Groups T3 and T4). Of all biomarkers, only B-ZAL
was measurable (>LOQ), with the concentrations of the conjugated and unconjugated forms
being added (Table 5). Thus, an estimate of the binder’s efficacy was made by comparing the
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concentrations of the groups which received the additive (T3 and T4) with those of the group
which was solely exposed to ZEA (T2). Results indicated that the bentonite-based additive
tested at 2.5 and 5.0 kg/T was inefficient in adsorbing ZEA,; it did not demonstrate the best
capacity in reducing the concentration of -ZAL (P>0.05), with P values of 0.943 and 0.623
being observed on days 10 and 20, respectively (Table 5). Figure 1 shows a chromatogram of
B-ZAL detection in blood serum with administration of ZEA (Group T2), and another of a
blood serum sample with ZEA and the additive (Group T4).

Figure 1. Chromatograms of two samples of bovine blood serum with (A) and without (B)
antimycotoxins additive.

Table 5. Conjugated and unconjugated p-zearalanol in blood serum of heifers receiving
diets containing Zearalenone (ZEA) and supplemented or not with antimycotoxins
additive (AMA) (ug/kg).

Days

Treatments 10 20

Control <LOQ <LOQ
5 mg ZEA/kg 2.736 2.360
ZEA+2.5 kgitAMA 2.516 2.048
ZEA+5.0 kgt AMA 2.380 1.774
Mean 2.544 2.061
P-value 0.943 0.623

<LOQ: below the limit of quantification.

4. Discussion

The serological concentrations of ZEA metabolites may be influenced by the dose of the
ingested toxin, the feeding regimen and the animal metabolism (Khatoon and Abidin, 2012).
Thus, the findings related to not detected (ND) and detected (<LOQ) metabolites (Tables 3
and 4) may have been affected by the ruminal metabolism. Besides the rumen, whose
microbiota converts ZEA into less potent metabolites at lower levels of exposure (Diekman
and Green, 1992), the liver and the intestinal mucosa also take part in the toxin’s
metabolization (Winkler et al., 2014). In the European Union, ruminants are considered
resistant production animals, which reflects in greater guidance values for the critical
concentrations of ZEA and Desoxynivalenol (DON) in feed, according to the Regulation No
576/2006 (EC, 2006).

Detection of ZEA and its metabolites in bovine blood has been rarely reported. A study
conducted by Whitlow and Hagler (1999) used DON as a biomarker of exposure to diets
presenting fungi of the genus Fusarium. As a result, evaluation of ZEA or other fusariotoxins
which are more toxic should have a greater approach via serological parameters. In the current
study, the amount of ZEA given to each heifer with or without the inclusion of the binder was
5 mg ZEA/kg of feed. Such level was equivalent to 0.30 mg/ZEA in the total diet; considering
that each heifer ingested around 1.8 kg/feed/day, the average ZEA ingestion was 9
mg/BW/day. This dose resulted in serological concentrations of metabolites which were close
to the LOD (0.002-0.2 pg/kg) (Table 2). B-ZAL was the only metabolite to reach
concentrations >LOQ in treatments T2, T3 and T4, ranging from 0.63-1.16 pg/kg in the
unconjugated form, and from 0.94-1.42 pg/kg in the conjugated form. Such outcomes agree
with those reported by Winkler et al. (2014): ingestion of ZEA by dairy cows ranged from
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0.4-24.3 pg/kg BW, with ZEA being detected close to the LOD (0.01 ng/mL) from 0.05 to
0.12 ng/mL in all blood serum samples, while ZEA metabolites were detected below the
LODs. Contrastingly, Seeling et al. (2005) did not detect ZEA residues in blood serum of 14
dairy cows fed with 0.06 mg ZEA/kg of dry matter, most probably due to the greater LODs of
the method employed (2 ng/g). In another study, the LOD of the method was 1 ng/g (Dénicke
et al., 2002), with ZEA metabolites being obtained under the LODs. According to this, the
blood samples of the experiment described herein possibly had ZEA metabolites which were
not detected due to the LOD differences of the used method. The LOD of g-ZOL, the main
metabolite of ZEA in bovines, was higher than that of B-ZAL, which was the main metabolite
found in the samples: 0.23 and 0.03 pg/kg, respectively. Such findings are in keeping with
previously reported data (Seeling et al., 2005; Winkler et al. 2014). Thus, as well as in
Danicke et al. (2002), the LOD of ZAN was smaller than the specified LODs. Detection of f3-
ZAL in the current study agrees with that described by Dénicke et al. (2002), who employed a
method with a smaller LOD in association with lower concentrations of ZEA in the feed (0.1
mg ZEA/Kkg of feed), thus allowing for the detection of a-ZAL and B-ZAL. According to
published data (Dénicke et al., 2002; Seeling et al., 2005; Seeling et al., 2006a and Winkler et
al., 2014, 2015), such serological concentrations may express exposure to ZEA via diet.

These variations in the detection of the metabolites also include the kinetics of the toxin and
the different periods between feed consumption (ingested dose) and blood collection (Winkler
et al., 2014). In the protocol applied in this study, blood was collected 24 h following feeding.
Toxicokinetic animal studies estimated the plasma elimination half-life of ZEA to be 2.63 h in
swine (Déanicke et al., 2005) and 31.8 min in broiler chickens (Osselaere et al., 2013).
Nonetheless, a thorough search of the relevant literature has not yielded any articles related to
plasma elimination half-life of ZEA in bovines, hence the need to perform toxicokinetic
assays in this species (Winkler et al., 2014). The ingested dose is also a relevant factor.
Winkler et al. (2014) found a ZEA ingestion of 7.2-26.0 pg/kg BW; the relation between ZEA
concentration in the feed and in the blood serum was calculated and a value below 0.01 of
consumption was obtained. Thus, the greater ingestion of ZEA resulted in a greater
serological concentration. Nonetheless, an uncertainty of 74% (r’= 0.2577) clearly indicates
that other factors contribute to the total variation of ZEA in the blood serum.

With respect to ZEA biotransformation (Tables 3 and 4), greater proportions of B-ZAL in the
conjugated form were observed in comparison to the unconjugated one. This is consistent
with the findings of Mirocha et al. (1981): a-ZOL and B-ZOL conjugated with glucuronic
acid were excreted as more than 50% of the total of ZEA residues. The estrogenic potential of
ZEA is enhanced by its metabolism towards a-ZAL, a-ZOL and B-ZAL, caused by a greater
affinity for the estrogenic receptors (Ueno and Tashiro, 1981). For Snawder and Lipscomb
(2000), such differences between the proportions of the conjugated and unconjugated
metabolites may be explained by phase | and phase Il biotransformation reactions in the liver,
respectively known as hydroxylation and glucuronidation. Such reactions are responsible for
making the compounds less toxic and also hydrosoluble to favour excretion. These
biotransformation routes occur concomitantly in the liver and intestine competing for
substrates, especially after oral ingestion of the toxin (Biehl et al., 1993, Malekinejad et al.,
2006). The glucuronidation reaction is able to biotransform the metabolites in a greater
proportion, thus making presystemic elimination of the toxin easier while prolonging
circulation of these compounds due to the enterohepatic recirculation (Biehl et al., 1993).
Nebbia (2001) claimed that significant differences occur between the species with regard to
the hepatic biotransformation processes. In bovines, for instance, ZEA is predominantly
converted into B-ZOL (Mirocha et al., 1981). There is a paucity of scientific information
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regarding the use of in vivo experimentation to assess ZEA metabolites in bovine serum,
hence the importance of further studies on hepatic biotransformation of the toxin in this
species.

A new functional group of feed additives was established through Commission Regulation
386/2209/EC of the European Commission (EC, 2009). In order to evaluate the adsorption
efficacy of an additive, this study used the concentration of the biomarker B-ZAL (ug/kg) to
have a quantitative comparison at serological level between groups T3 and T4 in reducing
ZEA adsorption. Biomarkers have been used as a measure of the amount of mycotoxin
adsorbed at the gastrointestinal level in in vivo trials with chickens and gilts as well as in
population studies (Al-Jaal et al., 2019; De Baere et al., 2012; Gambacorta et al., 2013,
2016). The dose of the ingested mycotoxin is correlated with the concentration of the
circulating biomarker (Gambacorta et al., 2016; Winkler et al., 2014). For an AMA to be
commercially available and widely added to the animal diet at 0.1-2%, it must undergo prior
evaluation (EFSA, 2012). Most of these compounds are effective in adsorbing mycotoxins in
vitro, but only a few studies confirm their efficacy in vivo (Gambacorta et al., 2016; Grenier
et al., 2013; Meissonnier et al., 2009).

Biomarkers have been employed to measure the efficacy of an AMA in adsorbing one
(Dénicke et al., 2007; Devreese et al., 2012) or more (Avantaggiato et al., 2005; Gambacorta
et al., 2016; Grenier et al., 2013; Lauwers et al., 2019) mycotoxins. In the case of adsorbing
agents as bentonite, biomarkers have had their efficacy assessed in poultry and swine
(Lauwers et al., 2019), but not in beef heifers. The current study observed a greater decrease
in B-ZAL in group T4 (5 kg/T of AMA) compared to group T3 (2.5 kg/T of AMA), but the
reductions were no statistically significant. The obtained results (Table 5) may be explained
by the level of inclusion of the additive and its physicochemical structure as well as by the
mycotoxin being assessed (Bryden, 2012). The physicochemical properties of the mycotoxins
such as polarity, solubility, size, shape and charge have a pivotal role in the complex
processes of binding and adsorption (Prapapanpong et al., 2019). Some in vivo and in vitro
assays evaluated bentonite against ZEA and detected a low efficacy. This demonstrates that
the hydrophilic surface of these compounds is less effective in adsorbing mycotoxins which
have a low polarity, as ZEA (Pappas et al., 2014; Parmeggiani, 2018; Prapapanpong et al.,
2019; Rejeb et al., 2019). ZEA has a phenolic derivative in its constitution which is
chemically described as water insoluble (pH<8), being little adsorbed by compounds
constituted of bentonite in the gastrointestinal tract (Avantaggiato et al., 2005; Pappas et al.,
2014; Rejeb et al., 2019). In vivo tests assessed the efficacy of adsorbents using polymeric
glucomannan, activated charcoal, cholestyramine, yeast and bentonite cell walls,
aluminosilicate, calcium montmorillonite and clay cell walls. Of these, only calcium
montmorillonite and yeast cell wall presented a good capacity of adsorbing Aflatoxin B;
(AFB;) and Fumonisin B; (FB;) in the gastrointestinal tract and thus reduce their distribution
to blood and target tissues in rats (Firmin et al., 2010; Gambacorta et al., 2016; Mitchell et
al., 2014; Robinson et al., 2012). In swine, the use of biomarkers allowed to demonstrate that
commercial organophilic clay was not efficient in reducing the gastrointestinal adsorption of
mycotoxins, excepting for FB; and partially ZEA; nonetheless, the reductions were not
statistically significant (Gambacorta et al., 2016). These data evidence that bentonite has
affinity in adsorbing aflatoxins but not ZEA. Aflatoxins are characterized as planar aromatic
molecules which are relatively hydrophilic and have a very strong adsorption tendency on
planar surfaces. ZEA, in turn, is a macrocyclic molecule which is much more hydrophobic
than aflatoxins (Avantaggiato et al., 2005). A product consisting of a mixture of the clay with
yeast enzymes and mineral adsorbents was tested against ZEA in dairy cows. The additive
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compounds which have an enzymatic base show a greater efficacy in altering ZEA molecule,
hydrolysing its lactonic ring and resulting in a toxicity-free product (Zouagui et al., 2017).
Another adsorbent product containing polymeric glucomannan was tested in piglets in an
attempt to alleviate the adverse effects of Fusarium toxins, but it did not demonstrate to be
effective (Danicke et al., 2007). As described above, several studies assess the inclusion of
AMA in the animal diet; however, few compounds have demonstrated efficacy in ZEA
adsorption.

A variety of additive compounds which contain bentonite were tested in vitro and in vivo
regarding their ability to sequester the toxins of the gastrointestinal tract. Clays may be
employed as feed additives to adsorb and minimize the bioavailability of the mycotoxins if
they fill the criteria of a good decontamination (Lauwers et al., 2019). Thus, in vivo efficacy
testing of an AMA employing biomarkers must be fully conducted (EFSA, 2012). In Brazil,
such assays follow specific protocols set by MAPA. Therefore, the adsorbing agent must be
tested for each mycotoxin in every species so that its registration along with the technical
documentation that guarantees its harmlessness can be obtained (MAPA, 2006). The current
product underwent in vivo and in vitro testing, being approved for aflatoxins; hence the
interest in evaluating it against ZEA. The protocol applied in this study may be used to
identify the in vivo efficacy of additives, and to select the best additives and the mycotoxin(s)
that may be adsorbed by them. Serological exposure to ZEA offered via diet may also be
provided and toxicokinetic animal studies may be conducted. Besides, no reports have been
found in the literature with respect to the evaluation of an AMA through serological
parameter in bovines; so, further research on the issue is required.

5. Conclusions

B-ZAL was the main blood metabolite in the analyzed samples (>LOQ). It may thus be
characterized as the biomarker of choice for ZEA exposure through diet, being used to
evaluate the efficacy of an AMA via serological parameter in beef heifers. The technical
approach used in this research allowed to establish the quantitative performance of the ZEA
adsorbing agent in heifers. As regards ZEA bioavailability in blood serum, further studies are
required to gather information on bentonite clay for adsorption of this mycotoxin in heifers.
Nevertheless, in order to have more blood samples with increasing concentrations of the toxin
and its metabolites, new Kinetic studies with doses-response must be developed in bovines to
generate additional knowledge about ZEA and its plasma half-life.
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Figure 1. Chromatograms of two samples of bovine blood serum with (A) and without (B)
antimycotoxins additive.
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Abstract

Antimycotoxins additives (AMA) have been included in the diet of production animals to
avoid mycotoxins exposure. According to the European Union, the efficacy of such products
must be confirmed by assessment of zootechnical parameters and determination of
mycotoxins and/or their metabolites in biological fluids. This study was conducted in pre-
pubertal gilts and aimed: (a) to evaluate Zearalenone (ZEA) toxicity and the efficacy of
montmorillonite clay (MC) on the prevention of ZEA adverse effects; and (b) to investigate
the applicability of using biomarkers of ZEA for diagnostic of exposure as well as the efficacy
of AMA via serological parameter. Seventy weaned gilts with an average initial body weight
(BW) of 9.2+0.82 kg were distributed in seven feeding groups (n=10/treatment) receiving
diets with two levels of three clay-based AMAs, 0.25% and 0.50%, and three levels of ZEA,
0, 0.75 and 1 mg/kg, for 42 days. Initial and final BW, mean daily weight gain, mean daily
feed intake, feed conversion and vulva volume were assessed, and blood sampling was
performed to determine ZEA and its metabolites in the serum. Blood samples were spun to
obtain the serum, which was analysed via High Performance Liquid Chromatography
Coupled to Tandem Mass Spectrometry (HPLC-MS/MS). In the end of the experimental
period, the animals were slaughtered and eviscerated in order to evaluate weight and length of
the reproductive tract. Results showed that the zootechnical performance was not affected by
the presence of ZEA in the feed, and that the level of AMA inclusion did not result in
determine any changes (P>0.05). ZEA caused a significant increase (P<0.05) in BW, length
of the reproductive tract and vulva measurement (width, length and area), with no difference
(P>0.05) between AMA treatments. With respect to the evaluated metabolites, ZEA and a-
zearalenol were detected above the limit of quantification: the former only in the conjugated
form (>0.5 pg/kg) and the latter in both conjugated (>1.58 pg/kg) and unconjugated (>0.15
pg/kg) forms. The concentration of the additional metabolites was below the limit of
detection, thus confirming the results of the efficacy of AMA (P<0.05). All in all, evaluation
of AMA using an animal model and serological biomarkers has the potential to confirm the
efficacy of products in adsorbing the toxin in vivo.

Key-words: additives; biomarkers; efficacy; exposure; HPLC-MS/MS.
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1. Introduction

Zearalenone (ZEA) is a non-steroidal estrogenic mycotoxin produced by numerous
fungi species of the genus Fusarium which occur globally in several food crops, mainly in
corn and its by-products (Zinedine et al., 2007; Karlovsky et al., 2016). Swine are generally
more sensitive to ZEA exposure (Devreese et al., 2012); doses of 1 to 3 mg ZEA/kg of feed
resulted in multiple alterations in the reproductive tract (Avantaggiato et al., 2003; Shier et al.,
2011). In view of that, there is a need for further studies assessing the effects of low
concentrations of this mycotoxin (<1 mg ZEA/Kkg) in swine (Wang et al., 2012).

After being ingested, ZEA undergoes hepatic biotransformation reactions which are
catalysed by enzymatic systems; the mycotoxin is thus converted into the following
metabolites: a-zearalenol (a-ZOL), B-zearalenol (B-ZOL), a-zearalanol (a-ZAL), B-zearalanol
(B-ZAL) and zearalanone (ZAN). Such reactions are divided into phase | and phase II, and
result in conjugated and unconjugated metabolites (Bottalico et al., 1985; Malekinejad et al.,
2006; Lawers et al., 2019). In swine, a-ZOL presents an estrogenic activity which is three to
four times greater than that of the toxin itself (Zinedine et al., 2007; Wang et al., 2012), thus
causing a drop in reproductive performance, alterations in the genital organs and reproductive
problems as hyperestrogenism and infertility (Doll and Danicke, 2011).

Such effects may be minimized with the addition of antimycotoxins additives (AMA)
to the feed (Doll et al., 2005). Binders adsorb mycotoxins on their surface and thus reduce
absorption from the gastrointestinal tract (TGI) into the blood circulation and target organs
(Prapapanpong et al., 2019). Adsorption has been assessed in several studies using clay
products like aluminosilicate, hydrated sodium calcium aluminosilicate, bentonite,
montmorillonite, smectite, and zeolite, all of which have good binding efficiency to
mycotoxins (Papaioannou et al., 2005; Kang’Ethe et al., 2017). The European Food Safety
Authority (EFSA) has established guidelines for in vitro and in vivo tests that must be
conducted in order to confirm the efficacy of these products. Literature reports generally
describe the efficacy of such materials based on unspecific parameters as weight of organs,
feed intake and zootechnical performance. Nowadays, specific efficacy studies based on
adsorption, distribution, metabolism and excretion are preconized (EFSA, 2012). Specific
biomarkers present in body fluids as blood serum and urine are also used to measure exposure
to single mycotoxins and to conduct toxicokinetic assays (Kolosova, 2011; De Baere et al.,
2012; Devreese et al., 2012).

Thus, this study was conducted in pre-pubertal gilts (a) to evaluate toxicity of low
levels of ZEA given chronically via feed and the efficacy of montmorillonite clay (MC) on
the prevention of the toxin’s adverse effects, and (b) to investigate the applicability of using
biomarkers for diagnostic of exposure as well as the efficacy of an AMA via serological
parameter.

2. Materials and methods

This experiment was conducted with the approval of the Ethics Committee on Animal
Experimentation of the Federal University of Santa Maria (registration n® 1311091017).

2.1 Feed, inclusion of Zearalenone and montmorillonite clay

The isonutritive feed were prepared with corn, soybean meal and a vitaminic/mineral
premix (Table 1); they were formulated according to the model and recommendations of



63

Nutrient Requirements of Swine (1998). The corn was obtained from Instituto de Solucdes
Analiticas, Microbioldgicas e Tecnoldgicas Ltda - SAMITEC (Santa Maria, Brazil). ZEA was
added to the basal diet (Table 1) at 0.75 and 1 mg ZEA/Kg feed. Three types of MC (MC1,
MC2 and MC3) were used at 0.50 and 0.25 kg/T.

Table 1. Nutritional levels of the experimental feeds.

Nutrients Feed (1-42 days)
Crude protein (%) 21.00
Metabolizable energy (Kcal/g) 3280
Calcium (%) 0.85
Phosphorus (%) 0.45
Sodium (%) 0.23
Methionine (%) 0.35
Methionine + Cystine (%) 0.63
Lysine (%) 1.20
Threonine (%) 0.85
Lactosis (%) 5.00

2.2 Mycotoxicological analysis of the basal feed

The feed was screened for the presence of Aflatoxins (AFLA), Fumonisins (FUM),
ZEA and Trichothecenes (TRCs) (Deoxynivalenol-DON, Diacetoxyscirpenol and T-2 Toxin)
through High Performance Liquid Chromatography Coupled to Tandem Mass Spectrometry
(HPLC-MS/MS) as in Raymond et al. (2003). The limit of detection (LOD) was (in pg/kg): 1
for AFLA, 0.1 for ZEA and TRCs, and 0.25 for FUM. ZEA was not detected in the basal diet
(<LOD), and its levels in the experimental diets were as established in the experimental
protocol, i.e., 0.75 and 1 pg/kg. The remaining toxins were below the LOD.

2.3 Experimental design, animals and installations

Seventy genetically homogeneous pre-pubertal gilts (9.2+0.82 kg) which resulted from
industrial crossing were randomly distributed in 7 treatments (Table 2) and trialled for 42
days.

Table 2. Levels of Zearalenone and montmorillonite clay added to the basal diet to compose
the seven treatments given to pre-pubertal gilts for 42 days.
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T N ZEA (mg/kg) MC1 (%) MC2 (%) MC3 (%)
1 10 0 0 0 0
2 10 1 0 0 0
3 10 1 05 0 0
4 10 1 0 05 0
5 10 1 0 0 05
6 10 0.75 0 0 0
7 10 0.75 0 0.25 0

T: treatments; N: numbers of animals; ZEA: Zearalenone; MC: montmorillonite clay.

The gilts were given ad libitum access to feed and water throughout the experimental
period. They were individually placed in elevated stalls (1.50 x 1.37 x 0.80 m) fitted with
semiautomatic feeders and automatic nipple watering system, and maintained in a 16:8-h
light-dark cycle and a relative humidity of 60-65%. Temperature was kept within the thermal
comfort zone for the species according to the phase of development: 28-30 °C in the first
week, and 23-25 °C from the second week onwards.

2.4 Zootechnical variables

Mean body weight (BW) and feed intake (FI) were weekly assessed throughout the
experiment to determine average daily gain (ADG), average daily intake (ADI) and feed
conversion (FC). Vulva morphology was evaluated by means of a pachymeter; measurements
of the vertical and horizontal distances as well as depth were taken every 7 days. Vulva
volume was estimated by multiplying these three measurements and adjusting the result to the
average metabolic body weight (BW %°) for each week. At the end of the experiment and after
6h of fasting, the animals were electrically stunned, slaughtered and eviscerated. The
reproductive tract was weighed and longitudinally measured (from the cranial portion of the
longest uterine horn to the most distal end of the vulva).

2.5 Blood sampling

Blood samples were taken after the diet was provided on days 1, 7, 14, 21, 28, 35 and
42, along with the vulva morphology assessment. BD Vacutainer® serum separation tubes
with clot activator were used to obtain the serum. The samples were spun (5,000 rpm, 15
min), then the serum was evenly distributed in microtubes and stored at -20 °C.

2.6 Chemical products and reagents

Standards (ZEA, a-ZAL, B-ZAL, a-ZOL, B-ZOL and ZAN) with concentrations of 10
pg/ml were diluted in mobile phases and purchased from Biopure (Tulln, Austria). The
material was stored according to the specifications provided by the manufacturer.

B-glucuronidase Type HP-2 from Helix pomatia was obtained from Sigma-Aldrich
(Séo Paulo, Sao Paulo); it was stored as recommended by the manufacturer (2-8 °C). Sodium
acetate buffer (pH = 5.5) was prepared by mixing 11 mL of an acetic acid solution (0.2 M)
and 89 mL of sodium acetate (0.2 M).

The solvents used to prepare the mobile phases, as the aqueous (water and ammonium
acetate) and the organic (methanol) phases, were of HPLC-MS/MS grade. These substances
were acquired from J.T Baker (Mexico City, Mexico). Ultrapure water was obtained from a
Milli-Q® Advantage A10 Water Purification System (Millipore, Bedford, MA, EUA).
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2.7 Blood serum analysis

Serological concentrations were determined by HPLC-MS/MS according to De Baere
et al. (2012), with modifications in sample preparation and chromatographic configurations.

2.8 Determination of the unconjugated metabolites

750 pl of acetonitrile was added to 250 pl of blood serum in a microtube, which was
vortexed (15 s) and centrifuged (14,000 rpm,10 min). The supernatant was placed in another
tube and evaporated using nitrogen (N2) (~50 °C). The dry residue was reconstituted in 100 pl
of a mixture of water/methanol (50:50, v/v). Vortex mixing was performed for 1 min, then the
sample was spun once again (14,000 rpm, 10 min, 0 °C). An aliquot of 40 pul was injected and
analysed through HPLC-MS/MS.

2.9 Determination of the conjugated metabolites

500 pl of sodium acetate buffer (pH 5.5) and 25 ul of B-glucuronidase Type HP-2
from Helix Pomatia were added to 250 pl of blood serum in a microtube, which was
homogenized in vortex (15 s) and then incubated for 24 h at 37 °C. Next, 3 ml of acetonitrile
were added and the sample was vortex mixed for 20 min and then centrifuged (4,000 rpm, 15
min). The supernatant was collected and fully evaporated using a gentle N, stream (~50 °C).
The dry residue was reconstituted in 100 pl of a water/methanol mixture (50:50, v/v). After
vortex mixing, the sample was spun once more (10 min, 14,000 rpm, 0 °C). An aliquot of 40
pl was injected and analysed by HPLC-MS/MS.

2.10 Chromatography analysis coupled to tandem mass spectrometry

Chromatographic separation of the compounds was performed in a 1200 Series
Infinity HPLC system (Agilent, Palo Alto, USA), with subsequent detection in a triple
quadrupole mass spectrometer 4000 QTRAP system (Applied Biosystems, Foster City, USA).
A Zorbax SB-C18 column (4.6x150 mm, 5 pum particle diameter) (Agilent, Palo Alto, USA)
was used. Standards and samples were analysed using a mobile phase composed of
ammonium acetate 0.1% (v/v) in water (solvent A), and ammonium acetate 0.1% (v/v) in
methanol (Solvent B). Chromatographic analysis lasted 17 min, and the column was kept at
40 °C.

2.11 Analytical Quality Assurance

The limit of quantification (LOQ) and the limit of detection (LOD) were determined
by means of the signal-to-noise ratio (LOQ=10/1, LOD=3/1) to guarantee analytical quality.
Seven spiked replicates were analysed in three different concentrations for the analyte of
interest to estimate recovery. Linearity was assessed through the coefficient of determination
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(R?) of the analytical curves of each compound, which was identified by its retention time
(RT) and molecular mass (MM). Values of the analytical parameters are shown in Table 3.

Table 3. Analytical parameters observed in the recovery studies.

amlyie MM o "CGhe  m lop o L0Q . Reoey
(ug/kg)

ZEA 317 7.05 0.2-12 0.99 0.02 0.3 99
a-ZAL 321 8.01 0.04-2.4 0.99 0.002 0.04 100
B-ZAL 321 8.67 0.2-12 0.99 0.03 0.2 99
a-ZOL 319 8.21 0.2-12 0.98 0.16 0.2 99
B-ZOL 319 8.81 0.3-18 0.98 0.23 0.3 98

ZAN 319 8.97 0.4-24 0.97 0.02 0.4 98

MM: Molecular mass; RT: Retention time; R% Coefficient of Determination.

2.12 Statistical analyses

Descriptive statistics was used for data analysis (mean and coefficient of variation).
The means were compared via Analysis of Variance (ANOVA) through the Duncan’s Test
(P<0.05). Evaluations were performed with the software Statgraphics Centurion XV® version

15.1.

3. Results

3.1. Zootechnical performance

No differences in the assessed zootechnical parameters (kg/day) were seen between

treatments with the inclusion of ZEA and/or MC in the diet (P>0.05) (Table 4).

Table 4. Effect of Zearalenone on the zootechnical performance of pre-pubertal gilts
receiving or not montmorillonite clay.
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T BWO Cv BW 42 Cv ADG Cv ADI Cv FC Cv

1 9.09 8.5 39.31 4.2 0.708 5.9 1.244 4.1 1.743 3.2

2 9.33 8.6 40.18 4.6 0.735 4.0 1.248 3.1 1.700 2.6

3 9.09 10.0 38.30 5.6 0.695 6.1 1.251 3.2 1.790 4.0

4 9.14 11.0 38.11 6.7 0.690 8.1 1.236 3.2 1.747 5.6

5 9.12 8.1 39.30 6.5 0.733 51 1.260 2.3 1.698 3.1

6 9.36 9.8 40.49 5.4 0.726 7.5 1.248 4.4 1.714 55

7 9.59 7.4 39.68 4.2 0.717 4.2 1.251 1.8 1.749 4.8

Mean 9.24 9.07 39.34 5.30 0.715 5.8 1.249 3.2 1.734 41
F-Ratio 0.4925 1.6727 1.6723 0.2912 1.8527
P-Value 0.8116 0.1434 0.1432 0.9386 0.1037

T: Treatments; BW: Body weight (kg); CV: Coefficient of variation; ADG: Average daily gain; ADI: average daily
intake; FC: Feed conversion.

3.2. Weight and length of the reproductive tract

There was an increase in weight and length of the reproductive tract with the addition
of both levels of ZEA to the diet (P<0.05).

Table 5. Effect of Zearalenone on weight (g) and length (cm) of the reproductive tract of pre-
pubertal gilts receiving or not montmorillonite clay.

T RWRT Cv LRT Cv

1 2.044 19.7 53.79 13.1

2 3.274 243 66.80 135

3 3.314 24.2 64.65 11.6

4 3.508 16.4 65.60 7.7

5 2.903 17.3 63.40 12.7

6 3.140 153 67.61 13.3

7 3.372 17.6 61.85 141

Mean 3.079 19.3 63.39 12.3
F-Ratio 3.7575 2.6674
P-Value 0.0032 0.0234

T: Treatments; RWRT: Relative weight of the reproductive tract; LRT: Length of the reproductive tract; CV:
Coefficient of variation.

3.3. Vulva morphology

Vulva volume was greater (P<0.05) with the addition of ZEA on days 0, 7, 14, 21, 28,
35 and 42 of exposure. No statistical difference was detected between the groups receiving
MC (P>0.05).

Table 6. Effect of Zearalenone on vulva volume (mm*Kg PV®®) of pre-pubertal gilts
receiving or not montmorillonite clay.
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T VWO CV VW7 CcVv Wi Cv VVv21 CV._ vvzs Cv VV35 CV_ Vv42 Cv
1 5938 385 8269 234 23418 203 11830 221 16510 182  5507.2 69.6 5037 72.8
2 610.9 39.4 31419 59.6 112104 473 9256.8 60.1 16888.4 66.4 221674 585 29256.9 52.2
3 620.1 37.8 2736.7 624 9787.1 442 99744 484 18623.4 595 19950 30.7 276559 118
4 630.1 38.3 1913.2 438 78005 294 65065 41.2 11983.0 504 19140.6 384 25303.1 35.6
5 641.9 39.6 27136 345 85176 208 8099.3 414 10955.7 14.7 213117 384  26846.2 35.2
6 658.2 40.0 2582.1 56.4 9248.2 388 90825 445 13088.2 358 185359 277 26358.1 28.7
7 667.8 39.7 24417 476 86521 324 74770 384 113456 221 20857.6 355 25738.6 113
Mean 631.8 39.0 2336.6 46.8 82225 333 73685 423 120765 382 18210.1 427 237423 354
F-Ratio 0.1123 3.241 6.5114 5.1852 4.5705 5.3185 8.02032
<0.000
P-Value 0.9947 0.008 <0.0001 0.0002 0.0008 0.0002 1

T: Treatments; VV: Vulva volume; CV: Coefficient of variation.

3.4. Serological biomarkers of Zearalenone exposure

The biomarkers of ZEA exposure determined in this study were ZEA, o-ZAL, B-ZAL,
a-ZOL, B-ZOL and ZAN. These biomarkers were not found in samples collected before feed
administration. After feeding, the concentrations found in the samples of groups T2, T3, T4,
T5, T6 and T7, which received ZEA (0.75 and 1 mg/kg), were below the LOQ for a-ZAL, B-
ZAL and B-ZOL, and above the LOQ for a-ZOL and ZEA; ZAN was not detected. Among
the unconjugated (Table 7) and conjugated (Table 8) metabolites assessed on days 1, 7, 14,
21, 28, 35 and 42 of exposure, ZEA and a-ZOL were found as the most predominant ones.

Table 7. Mean concentration of unconjugated metabolites in blood serum on different days of
exposure to 1 pg/ZEA/Kg.

Days

1 7 14 21 28 35 42
ZEA ND D D D D D D
a-ZAL ND D D D D D D
B-ZAL ND D D D D D D
a-ZOL ND 0.15 0.22 0.26 0.70 0.56 0.66
B-ZOL ND D D D D D D
ZAN ND ND ND ND ND ND ND

ND: not detected (<LOD); D: detected (>LOD and <LOQ); Value: >LOQ.

Table 8. Mean concentration of conjugated metabolites in blood serum on different days of
exposure to 1 pg/ZEA/Kg.
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Days

1 7 14 21 28 35 42
ZEA ND 0.5 1.2 1.4 0.89 0.90 0.89
o-ZAL ND D D D D D D
B-ZAL ND D D D D D D
0-ZOL ND 2.9 1.9 2.72 2.69 2.18 1.58
B-ZOL ND D D D D D D
ZAN ND ND ND ND ND ND ND

ND: not detected (<LOD); D: detected (>LOD and <LOQ); Value: >LOQ.

3.5. Evaluation of antimycotoxins additive efficacy via serological parameter

The biomarkers were measured after ZEA ingestion along with the AMA to assess the
efficacy of the tested binder. So, an estimate of the product’s efficacy was made by comparing
the concentrations of the groups which received AMA with those of the groups fed the ZEA-
only diet. The findings showed that the montmorillonite clay additive tested at 2.5 and 5.0
kg/t was inefficient in adsorbing ZEA; it did not demonstrate the best capacity in reducing the
concentration of a-ZOL (P>0.05).

4. Discussion
4.1 Zootechnical performance

Inclusion of ZEA at 0.75 and 1 mg/kg to the diet of pre-pubertal gilts did not alter
ADG, ADI, FC or BW (Table 4). Such outcomes agree with those reported in Hauschild et al.
(2007): lower doses of ZEA did not affect diet digestibility or protein and energy metabolism
in swine. Similarly, oral exposure to higher doses of ZEA (10 mg/kg) did not influence FC,
ADG, FI or growth rate in weaned gilts (James e Smith, 1982; Young e King, 1986; Green et
al., 1990; Speranda et al., 2006). However, Jiang et al. (2010a) found that ADG and FI of
post-weaning gilts were increased by 1.0 mg ZEA/kg inclusion in the diet; the authors suggest
that this effect may have contributed to the greater weight of kidney, liver and reproductive
tract. Levels of ZEA capable of causing changes in zootechnical variables have not yet been
described. However, the present results indicate that chronic exposure to ZEA at 0.75 and 1
mg/kg did not trigger harmful effects on the zootechnical performance of pre-pubertal gilts.

Regarding the inclusion of AMA in the gilt’s feed, no significant difference (P<0.05)
was observed on the evaluated variables of zootechnical performance. Jin et al., 2017, in turn,
found that growth and feed intake of piglets were improved by the addition of a mycotoxin
binder (1 kg/ton feed) to the contaminated diet.

4.2 Reproductive tract and vulva volume

Results of the reproductive tract variables (Tables 5 and 6) indicate significant
difference between control and ZEA treatments (P<0.05), which may be explained by ZEA’s
flexibility in spatial conformation as well as by its hepatic biotransformation products. This
allowed ZEA to compete with the estrogenic hormone (17-p-estradiol) for cytoplasmic
estrogenic receptors in uterine, hypothalamic, hypophyseal and mammary glands cells, thus
inducing an increase in weight and length of the reproductive tract (Kuiper-Goodman et al.,
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1987). Increased protein synthesis was also observed, thus resulting in swollen vulvas
(Diekman e Green, 1992; Malekinejad et al., 2006).

The current findings are in keeping with those of an early study which described
tumefaction of the vulva in ZEA-fed gilts (0.2, 0.4 and 0.8 mg/ZEA/Kg). The initial clinical
signs, vulval reddening and swelling, were reported to have appeared within 7 days after the
first contact with ZEA (1.5-2 mg/ZEA/kg) (Rainey et al., 1990). Likewise, Cheng et al.
(2006) and Jiang et al. (2010a) disclosed that continuous exposure of young gilts to 0.25 and 1
mg ZEA/Kkg for 24 and 36 days led to hyperestrogenism (enlarged vulva, vulvovaginitis and
ovarian alterations).

4.3 In vivo assessment of antimycotoxins additive

The AMAs evaluated in this investigation were not efficient in adsorbing ZEA. The
following factors greatly influence the efficiency of an AMA in adsorbing mycotoxins: total
charge and charge distribution, the size of the pores and surface area. Clays are generally
more efficient in binding small-sized polar molecules (Huwig et al., 2001; Kabak et al., 2006).
ZEA, in turn, is a fairly non-polar mycotoxin and has a more spherical molecular geometry
than the planar surface of Aflatoxin By (AFB;), for example (Avantaggiato et al., 2003).
Physico-chemical properties of the mycotoxins, such as polarity, solubility, size, form and
charge, also affect the efficacy of adsorption. They play an important role in the formation of
binding complexes between the toxin and the additive (Varga and Toth, 2005). The latter
authors examined ZEA affinity to organophilic montmorillonite and stated that the adsorption
mechanism at neutral pH involved hydrophobic attraction of the mycotoxin into the interlayer
and multisite binding of the anionic form to hydroxyl groups on the edge of the clay.
Ochratoxin A (OTA), which is a polyaromatic molecule, is more hydrophobic than ZEA when
unionized but with two weak acid groups, a carboxyle and a phenol (Boudergue et al., 2009).

In vivo assays have investigated the effect of clays on ZEA adsorption in swine and
observed that these unmodified minerals do not effectively adsorb it (Hauschild et al., 2007;
Jiang et al., 2010ab; Wang et al., 2012). Such findings are in accordance with those in
Avantaggiato et al. (2003): the clay would not prevent neither reduce the toxicity of
mycotoxins produced by fungi of the genus Fusarium as FUM, TRCs and ZEA. On the other
hand, MC has been shown to sequester ZEA in the digestive tract, thus leading to a reduced
adsorption of the toxin in the small intestine and to a decrease in its estrogenic effect upon
vulva swelling in post-weaning gilts (Jiang et al., 2010ab). Other clays have also been
efficient against ZEA. Papaioannou et al. (2002), for instance, reported that the zootechnical
performance of gilts was enhanced by the inclusion of zeolites in ZEA-contaminated diets
(0.16-1.55 mg/ZEA/kQ). In this context, Jiang et al. (2012) demonstrated a dose-dependent
relationship between the dose of a bentonite-based additive and the adsorbing effect; the
lowest concentrations of AMA included in the feed, 1 and 2 g/kg, only partially reduced the
effects caused by the addition of 1 mg/kg ZEA to the diet. Nonetheless, such findings could
not be reproduced by Frobose et al. (2016) and D6l et al. (2005). Some authors claim that
high doses of ZEA may explain the lack of efficacy of AMA in adsorbing the toxin during
simultaneous administration.

In order to be commercially released, an adsorbent agent must be tested for each
mycotoxin in every species so that its registration along with the technical documentation that
guarantees its harmlessness can be obtained (MAPA, 2006). The products assessed in this
study were subjected to in vivo and in vitro testing; they were approved for AFLA, which
prompted their evaluation against ZEA. Clay minerals are mycotoxins binders which reduce
intestinal adsorption by acting as adsorbents or sequestering materials (Juan-Juan et al.,
2010). Nevertheless, the different molecular structures of AMAs and mycotoxins make



71

adsorption more difficult (Grenier et al., 2017). Thus, the presence of enzymes in an AMA
may become an alternative to degrade or transform the adsorbed mycotoxins in less toxic
metabolites (Devreese et al., 2013). Therefore, the combination of products with adsorbing
characteristics may have the potential to adsorb mycotoxins with a reduced polarity as ZEA.

4.4 Evaluation of antimycotoxins additive efficacy via serological parameter

Results concerning the concentrations of ZEA and its metabolites (Tables 7 and 8)
may be influenced by the ingested dose of the toxin, the feeding regime and the animal
metabolism (Fink-Gremmels, 2008; Khatoon et al., 2012). Thus, after ingestion, ZEA is
promptly absorbed by the TGI cells (Ramos et al., 1996), with an estimate adsorption of 85%
in swine (Biehl et al., 1993). In this investigation, efficacy of AMA at 2.5 and 5.0 kg/T was
determined by monitoring serological biomarkers in pre-pubertal gilts. Thus, possible
biomarkers for efficacy assessment were measured via HPLC-MS/MS. A limited number of
studies have explored monitoring of biomarkers to determine AMA efficacy (Danicke et al.,
2001; Devresse et al., 2012). Devreese et al. (2012) and Osselaere et al. (2012) used DON,
and Dénicke et al. (2001) selected ZEA and a-ZOL as biomarkers of efficacy in broilers,
whereas Di Gregorio et al. (2017) tested AFB;-lysine in swine. Devreese et al. (2012) and Di
Gregorio et al. (2017) examined the influence of an AMA for a single mycotoxin in one
biological matrix, blood serum. Gambacorta et al. (2016), in turn, tested the efficacy of four
agricultural by-products and two commercial binders against multiple mycotoxins: Fumonisin
B1, DON, ZEA, OTA and AFB;. Moreover, Gambacorta et al. (2016), Devreese et al. (2012),
Osselaere et al. (2012) and Dénicke et al. (2001) did not include phase Il metabolites as
possible biomarkers in their analyses. Thus, the current survey determined the most adequate
biomarker (mycotoxin or phase I and 1l metabolites) to test the efficacy of AMA against ZEA
in pre-pubertal gilts. As a result, ZEA and a-ZOL presented concentrations above LOQ after
ZEA ingestion via diet; such findings agree with those reported in De Baere et al. (2012).

According to Snawder and Lipscomb (2000), differences between the proportions of
the conjugated and unconjugated metabolites may be explained by phase | and phase Il
biotransformation reactions in the liver; these reactions are respectively known as
hydroxylation and glucuronidation, and make the compounds hydrosoluble to enhance
excretion. Only a few studies used phase Il biomarkers in different matrices (feces and urine)
to evaluate toxin exposure. Lauwers et al. (2019) identified ZEA-glucuronide (ZEA-GIcA) as
the best biomarker in swine plasma; in dried feces, the highest concentration of ZEA was
found being excreted after 24 h. Such late excretion may be attributed to the enterohepatic
cycling of ZEA (Malekinejad et al., 2006). Similar findings were seen by Binder et al. (2017),
who reported ZEA and a-ZOL excretion in lyophilized feces after ZEA administration. ZEA
and ZEA-GIcA were the metabolites detected at the highest concentrations in piglets’ urine,
and they were mainly excreted in the first 24h; ZEA-GIcA was considered the ideal
biomarker. Likewise, Binder et al. (2017) observed that the greatest part of the ingested dose
of ZEA was excreted in the urine as ZEA-GICA in the first 24h after ingestion. The above-
mentioned data are in accordance with the present findings: conjugated ZEA and a-ZOL were
the most predominant circulating metabolites after ZEA ingestion. The metabolites’
concentrations are also influenced by the kinetics of the toxin and the different time between
feed consumption (ingested dose) and blood sampling (Winkler et al., 2014). ZEA is detected
in the circulation of swine 30 min after exposure via diet at concentrations which are similar
to those found in the TGI (Biehl et al., 1993; Gajecki et al., 2010). In the current assessment,
blood sampling was performed 15 min after feeding, as described in Danicke et al. (2005).
Toxicokinetic assays estimated the plasma elimination half-life of ZEA to be 2.63 h in swine
(Dénicke et al., 2005).
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The protocol used in this study may be used to identify the efficacy of AMA via biomarkers
and to select the best additives and the mycotoxins that can be absorbed by them. Serological
exposure of feed-administered ZEA may also be provided, and toxicokinetic studies may be
conducted in animals.

5. Conclusions

In vivo tests are essential to evaluate the efficacy of an AMA; nonetheless, this
research showed that it its possible to evaluate it through zootechnical parameters and
biomarkers. The metabolite a-zearalenol was the biomarker present in a greater proportion in
pre-pubertal gilts. This study also proposes to diagnose mycotoxicosis at an individual level,
demonstrating the dose of response and specificity for a target mycotoxin; this is an
innovation, since analysis of feed and its ingredients is the commonly used protocol.
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12 DISCUSSAO

A Zearalenona (ZEA) e seus metabdlitos possuem caracteristicas
estrogénicas, sendo conhecidos como agonistas do horménio estrogénio; no figado,
eles s&o biotransformados nas formas conjugadas e ndo conjugadas, havendo
interesse em determinar as proporcdes exatas desses compostos. Os animais de
producado sao altamente expostos a estas substancias por sua dieta ser basicamente
composta de milho e soja, grdos que podem ser contaminados por ZEA. Apoés a
ingestdo da toxina, a ZEA e seus metabdlitos resultam em sinais clinicos como

hiperestrogenismo, infertilidade e disturbios reprodutivos (MUKHERJEE et al., 2014).

Para mitigar esses efeitos, uma variedade de aditivos antimicotoxinas (AAM)
com base em argilas sédo testados in vitro e in vivo quanto a sua capacidade em
sequestrar as toxinas do trato gastrointestinal. Esses compostos podem ser
utilizados como aditivo alimentar para adsorver e minimizar a biodisponibilidade das
micotoxinas desde que preencham todos os pré-requisitos de uma boa adsorcao
(AVANTAGGIATO et al.,, 2003). No Brasil, estes estudos seguem o0s protocolos
especificos oferecidos pelo Ministério da Agricultura (MAPA, 2006). Portanto, para
que se tenha o registro dos produtos avaliados junto a toda documentacao técnica
que garanta a sua inocuidade, é necessario que o composto adsorvente seja

avaliado e apresente eficacia para cada micotoxina em cada espécie animal.

Os produtos avaliados neste trabalho foram anteriormente testados in vitro e
in vivo, sendo aprovados para Aflatoxinas, por isso o interesse em avalia-los para a
ZEA. A utilizacao de biomarcadores para a comprovacao da eficacia in vivo de AAM
foi avaliada em estudos integralmente conduzidos de acordo com critérios
especificos da avaliagdo propostos pela Autoridade Europeia para a Seguranca
Alimentar (EFSA, 2010).

Dessa forma, para o uso de biomarcadores, € necesséaria a utilizacdo de
metodologias analiticas sensiveis. O desenvolvimento de métodos analiticos
capazes de detectar e quantificar micotoxinas em baixas concentracdes € de suma
importancia, visto que a analise destes compostos em matrizes biologicas vem
tornando-se uma pratica indispensavel, tanto para fins econémicos (avaliacdo de
AAM) quanto para a saude do consumidor (DE BAERE et al., 2012; FARRE;

BARCELO, 2013). Porém, deve-se considerar também, os custos envolvidos nas
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analises, bem como a aplicabilidade do método, a fim de que possa ser implantado
na rotina laboratorial (CIFUENTES, 2012).

No presente estudo, as espécies suscetiveis a ZEA foram abordadas. As
proporcdes dos metabdlitos conjugados e ndo conjugados em ambas as espeécies
foram exploradas, além da avaliacdo de compostos adsorventes com base em
argilas. Em novilhas de corte, sob dose de 5 mg/kg de ZEA na dieta, foi encontrado
0 B-ZAL como composto predominate. Os biomarcadores de exposicdo a ZEA
avaliados foram a-ZAL, B-ZAL, a-ZOL, B-ZOL e ZAN. As amostras coletadas antes
da administracdo da racdo ndo expressaram concentracfes de biomarcadores da
ZEA. Apo6s a alimentacdo, as concentracdes encontradas nas amostras dos grupos
T2, T3 e T4, que receberam ZEA, ficaram abaixo do LOQ para a-ZAL, a-ZOL e (-
ZOL e acima do LOQ para B-ZAL; O ZAN nao foi detectado. Nas amostras avaliadas
com ZEA na racao (5 pg/kg), entre os metabdlitos ndo conjugados e conjugados
determinados nos dias 1, 5, 10, 15, 20 e 25 de exposicao, B-ZAL foi detectado acima
do limite de quantificacdo nas formas ndo conjugadas (>0,60 pg/kg) e conjugadas
(>1,70 pg/kg). Esses resultados estdo de acordo com aqueles apresentados em um
estudo que avaliou diferentes doses de ZEA em bovinos com detec¢des acima do
limite de quantificacdo em nivel sanguineo (WINKLER et al., 2013). Na avaliacdo de
AAM, foi utilizado para estudo o composto formado por bentonita, o qual n&o
demonstrou eficiéncia no processo de adsor¢cédo da ZEA. Com isso, este estudo foi
pioneiro na avaliacdo de AAM (2,5 e 5 kg/t) por parametro sorolégico na espécie

bovina.

A segunda pesquisa foi realizada em leitoas pré-puberes alimentadas com
dietas apresentando dois niveis de inclusdo de AAM a base de argila (0,25% e
0,50%) e trés niveis de inclusado de ZEA (0, 0,75 e 1 mg/kg). O AAM foi avaliado por
testes in vivo utilizando o modelo animal e também pelas relagdes de biomarcadores
de exposi¢ao. Poucos trabalhos demonstram essa avaliagcdo. A maioria dos estudos
avaliou o AAM somente por testes in vivo, ndo aplicando testes especificos com o
uso de biomarcadores. Assim, a utilizacdo de biomarcadores confere uma pratica
inovadora, possivel de ser realizada com a metodologia utilizada. O a-ZEL foi
detectado acima do limite de quantificacdo nas formas nao conjugadas (>0,15 pg/kg)
e conjugadas (>1,58 pg/kg). A concentragdo dos demais metabdlitos ficou abaixo do

limite de deteccédo, confirmando os resultados da eficacia do AAM (P<0,05). Estes



78

dados estdo de acordo com o estudo desenvolvido por Gambacorta et al., (2016)

que avaliou eficiéncia de produtos aditivos por biomarcadores urinarios em leitoas.

A utilizacdo da metodologia do presente estudo demonstrou ser uma
ferramenta aplicavel para identificar a eficacia de AAM por parametro sorolégico,
selecionando os melhores aditivos e a(s) micotoxina(s) que sdo capazes de serem
adsorvidas. Também pode ser utilizada para fornecer a exposicao sorolégica da ZEA
através da dieta e a realizacdo de estudos toxicocinéticos. Além disso, ndo ha
relatos na literatura sobre a avaliacdo de AAM por parametro sorolégico em bovinos.
Isto faz com que se desenvolvam novas pesquisas na area, novos estudos cinéticos
com diferentes doses de exposicao para estabelecer as doses minimas possiveis de
serem detectadas, verificando as exposicdbes a campo, gerando maiores
informacdes a cerca da ZEA e sua meia-vida plasmatica. Em suinos, também ha a
necessidade de estudos que mimetizem a exposicdo de ZEA a campo; para isso,
destaca-se a necessidade de metodologias analiticas sensiveis para a deteccao
destes compostos em condicdes realisticas. Os resultados obtidos com este trabalho
contribuem para a busca da qualidade de AAMs comercializados, bem como para a
utilizacdo de métodos analiticos e biomarcadores; estes podem representar uma

alternativa para a confirmacéo da eficacia desses produtos em novilhas e leitoas.
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13 CONCLUSOES

O procedimento utilizado para a extracdo da matriz soro sanguineo
apresentou efeito satisfatorio e boa eficiéncia para a remocao de proteinas e lipidios.
Além disso, trata-se de um procedimento simples, considerando a complexidade da
matriz. O método proposto para analise preenche todos os requisitos para detec¢éo
e quantificacdo dos seis analitos estudados. Além disso, essa metodologia analitica
pode ser validada para aplicacdo em outras matrizes biolégicas e espécies animais.
A aplicabilidade do método pbde ser avaliada através da analise de amostras de
sangue dos experimentos realizados in vivo com novilhas de corte e leitoas pré-
puberes, confirmando as diferencas de sensibilidade destas espécies a ZEA.

O diagnostico da micotoxicose e a avaliacdo da exposicao a ZEA em animais
geralmente séo feitos através da andlise do alimento e de seus ingredientes. No
entanto, a variabilidade da contaminacao alimentar é alta e a andlise ndo fornece a
dose de resposta e especificidade para a micotoxina alvo. Com isso, este trabalho
confere sua aplicabilidade na utilizacgdo de biomarcadores especificos para a
exposicdo em nivel individual, avaliacdo da eficacia de aditivos antimicotoxinas por

biomarcadores e utilizacdo de estudos toxicocinéticos.
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