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RESUMO

TELEKEN, J.L. Efeitos da exposicdo materna pré e pos-natal ao glifosato no
sistema reprodutor da prole de camundongos machos. 79 P4ginas. Dissertacdo
(Mestrado). Programa de PoOs-Graduacdo em Biociéncias e Saude, Centro de
Ciéncias Biologicas e da Saude, Campus Cascavel, Unioeste, 2018.

O aumento no uso de agrotoxicos em todo mundo, inclusive no Brasil, tem despertado
atencdo acerca dos efeitos toxicos da exposicdo a essas substancias. Entre os
agrotoxicos, destaca-se 0 uso do herbicida glifosato, principio ativo mais
comercializado em todo mundo. A exposicdo ao glifosato foi associada ao
desenvolvimento de problemas de saude em humanos e animais, como cancer,
malformacgbes ao nascimento, problemas cardiovasculares e reprodutivos, alteracdes
no sistema nervoso central, entre outros. Além disso, estudos recentes tém
demonstrado que o glifosato age como desregulador enddcrino, devido as suas acoes
sobre o sistema hormonal. A exposi¢do a desreguladores enddcrinos em periodos
criticos do desenvolvimento, como o periodo neonatal, pode levar a programacéao fetal
que predispde o desenvolvimento de doencas na vida adulta. Assim, o objetivo deste
trabalho foi de avaliar os efeitos da exposicdo materna ao glifosato, durante a prenhez
e a lactacdo, nas méaes e no sistema reprodutor da prole masculina na vida adulta.
Para tanto, as fémeas C57BI6 receberam 0,5% de glifosato (ROUNDUP Original DI®)
na agua de beber (grupo GF) ou agua pura (grupo CTL) durante a prenhez e lactacéo.
A prole masculina foi separada em dois grupos, CTL-F1 e GF-F1, respectivamente,
de acordo com a administracdo ou ndo de glifosato nas mées. Ambos 0s grupos
receberam agua e racdo padrdo a vontade durante todo o experimento. O peso
corporal, os consumos hidrico e alimentar foram avaliados semanalmente e a descida
dos testiculos foi acompanhada a partir dos 21 dias de vida para avaliagdo do inicio
da puberdade. Aos 150 dias, os camundongos da prole foram eutanasiados, e 0
sangue total foi coletado para posterior dosagens plasmaticas. Os 0rgaos
reprodutores foram retirados e pesados. O epididimo foi utilizado para contagem de
espermatozoides. A hipofise foi retirada e utilizada para determinar a expressao
proteica de LH. O testiculo direito foi fixado em ALFAC e utilizado para as analises
histomorfoldgicas, e o testiculo esquerdo foi utilizado para dosagem de testosterona
intratesticular. A exposicdo materna ao glifosato ndo alterou o peso corporal, 0
consumo alimentar e hidrico e o peso dos érgaos reprodutores da prole de machos.
Todavia, observou-se um atraso no inicio da puberdade e uma diminuicdo do nimero
de espermatozoides na cauda do epididimo no grupo GF-F1, se comparado ao grupo
CTL-F1. Embora na andlise histolégica ndo foi encontrada nenhuma alteracdo nos
animais do grupo GF-F1, esses animais apresentaram diminuicdo na altura do epitélio
seminifero em relacdo ao grupo CTL-F1. Quanto as dosagens hormonais, a
concentracéo de testosterona intratesticular foi maior no grupo GF-F1 em relacao ao
grupo CTL-F1, apesar de a testosterona plasmatica ter valores similares em ambos
os grupos. O LH foi aumentado tanto no plasma quanto na hipofise do grupo GF-F1,
enquanto que o FSH foi similar entre os grupos CTL-F1 e GF-F1. Os resultados
sugerem que a exposicao materna ao glifosato levou a programacéo fetal, o que
culminou em alteragdes no sistema reprodutor na vida adulta da prole masculina.

Palavras-Chave: agrotéxicos, programacdo fetal, desreguladores enddcrinos
quimicos, testosterona, ROUNDUP.



ABSTRACT

TELEKEN, J.L. Effects of maternal exposure to glyphosate during pre and post-
natal period on reproductive system in offspring male mice. 79 Paginas.
Dissertacdo (Mestrado). Programa de PoOs-Graduacdo em Biociéncias e Saude,
Centro de Ciéncias Biologicas e da Saude, Campus Cascavel, Unioeste, 2018.

Increased use of pesticides worldwide, including in Brazil, has raised awareness of the
toxic effects of pesticide exposure. Among the pesticides, glyphosate herbicide is the
most commercially active ingredient in the world. Exposure to glyphosate has been
associated with the development of health problems in humans and animals, such as
cancer, birth defects, cardiovascular problems, changes in the central nervous system,
reproductive system, among others. In addition, recent studies have shown that
glyphosate acts as an endocrine disrupter because of its actions on the hormonal
system. Exposure to endocrine disrupters at critical stages of development, such as
the neonatal period, can lead to fetal programming predisposing to disease
development in adult life. Thus, the objective of this study was to evaluate the effects
of maternal exposure to glyphosate, during pregnancy and lactation, on the dams and
reproductive system of male offspring in adulthood. Female C57BI6 received 0.5%
glyphosate (ROUNDUP Original DI®) in drinking water (GF group) or pure water (CTL
group) during pregnancy and lactation. Male offspring were separated into two groups
CTL-F1 and GF-F1, according to the administration or not of glyphosate for the dams.
Both groups received standard diet and water ad libitum during the entire experiment.
Body weight, water and food intake were evaluated weekly, and the testis descent was
monitored at 21 days of age to evaluate the onset of puberty. At 150 days the offspring
mice were euthanized and blood was collected for subsequent plasmatic analyzes.
The reproductive organs were removed and weighed. The epididymis was used for
sperm count. The pituitary was removed and used to determine the protein expression
of LH. The right testis was fixed in ALFAC and used for histomorphological analysis,
and the left testis was used for intratesticular testosterone assay. Maternal exposure
to glyphosate did not alter body weight, food and water intake, and weight of
reproductive organs of male offspring. However, there was a delay in the onset of
puberty and a decrease in the number of spermatozoa in the tail of the epididymis in
the GF-F1 group in relation to the CTL-F1 group. Although in the histological analysis
no alteration was found in the animals of the GF-F1 group, these animals showed a
decrease in the height of the seminiferous epithelium in relation to the CTL-F1 group.
In relation to hormonal dosages, intratesticular testosterone levels was higher in the
GF-F1 group than in the CTL-F1 group, although the testosterone plasma levels had
similar values in both groups. LH was increased both in the plasma and in the pituitary
GF-F1 group, whereas FSH was similar between the CTL-F1 and GF-F1 groups. Our
results suggest that maternal exposure to glyphosate led to fetal programming that
culminated with changes in the reproductive system in adult life of male offspring.

Keywords: pesticides, metabolic programming, endocrine disruptors chemicals,
testosterone, ROUNDUP.
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INTRODUCAO

O crescente aumento no uso de agrotéxicos no mundo faz com que a exposi¢cao
a essas substancias tenha cada vez mais destaque no campo da saude publica, tendo
em vista a abrangéncia de populacdes expostas, nas fabricas de producdo e em suas
proximidades, na agricultura, no combate as endemias e por meio da agua e de
alimentos contaminados (RIGOTTO; VASCONCELOS; ROCHA, 2014). Entre 2005 e
2015, enquanto o mercado mundial de agrotoxicos cresceu 93%, no Brasil, 0
crescimento foi de 190%, colocando o Pais, desde 2008, entre 0s maiores
consumidores de agrotéxicos do mundo (ROSSI, 2015). O Parana é o terceiro estado
com maior consumo de agrotoxicos no Brasil, com 9,6 kg de agrotoxico/ha/ano.
Considerando apenas o consumo legalizado, a regido de Cascavel esta entre as trés
com maior consumo de agrotoxico do Estado, chegando a 15,0 kg agrotéxico/ha/ano
(IPARDES, 2013). Recentemente, demonstrou-se que o0 uso de agrotoxicos esté
positivamente associado a altas taxas de malformacBes congénitas encontradas
nesse municipio entre os anos de 2003 a 2014 (DUTRA; FERREIRA, 2017).

Dentre os diferentes tipos de agrotéxicos, o herbicida glifosato destaca-se
como o principio ativo de maior utilizagdo no Brasil (AGROFIT, 2013; ANVISA, 2012).
O glifosato (N-(fosfometil)glicina) € um herbicida ndo seletivo, de acao sistémica do
grupo quimico das glicinas substituidas, cuja formulacao comercial mais conhecida é
ROUNDUP® da Monsanto (MONSANTO, 2016). O seu mecanismo de toxicidade
ocorre pela interferéncia na sintese de aminoacidos aroméaticos essenciais
(WILLIANS; KROES; MUNRO, 2000). O glifosato apresenta-se como o principal
agrotoxico poluente de rios e de aguas superficiais (COX, 1998) e pode contaminar
organismos, alimentos, racdes e ecossistemas (ACQUAVELLA et al., 2004,
TAKAHASHI; HORIE; AOBA, 2001).

Os efeitos da exposicdo ao glifosato, bem como a outros agrotéxicos, podem
ser agudos ou cronicos. Os efeitos agudos ocorrem por meio da exposicao
ocupacional ou acidental; efeitos crénicos, por sua vez, sdo causados principalmente
pela presenca de residuos no meio ambiente (OMS, 2010). Recentemente, a
International Agency for Research on Cancer (IARC) classificou o glifosato como uma
substancia provavelmente cancerigena (GUYTON et al., 2014). Além do potencial
efeito cancerigeno, estudos epidemioldgicos demonstram que o glifosato pode induzir

o autismo, e estudos em animais mostram que o glifosato pode induzir a
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comportamento do tipo depressivo, com efeitos prejudiciais sobre o sistema
cardiovascular e hepatico, na coagulacdo sanguinea e no sistema reprodutor
(BEURET; ZIRULNIK; GIMENEZ, 2005; CATTANI et al., 2017; CHAN et al., 2007;
GOOD, 2017; NEIVA et al., 2010; ROMANO et al., 2012).

Especificamente sobre o sistema reprodutor, diferentes formulagcbes de
glifosato levam a reducéo da quantidade de espermatozoides e a problemas durante
a gravidez (DALLEGRAVE et al., 2007; DARUICH et al., 2001; YOUSEF; SALEM,;
BERTHEUSSEN, 1995). Também foram verificados efeitos toxicos e mutagénicos em
células embrionarias, fetais e placentarias (MARC et al.,, 2002; MARC; MULNER-
LORILLON; BELLE, 2004; RICHARD et al., 2005).

Devido aos efeitos sobre o sistema enddcrino, o glifosato tem potencial para
ser classificado como desregulador endocrino quimico (DEQ) (ROMANO; ROMANO;
OLIVEIRA, 2009). DEQs séo substancias que alteram a funcéo do sistema enddcrino,
que, dependendo do periodo de exposicdo, podem gerar um “imprint’ ou uma
programacao. O termo programacao define a perturbacdo ou o insulto em um periodo
critico do desenvolvimento, causando alteracbes permanentes na fisiologia e no
metabolismo do individuo com consequéncias irreversiveis (EBERLE; AMENT, 2012),
haja vista que essas alteracdes podem levar ao desenvolvimento de doencas na vida
adulta (HALES; BARKER, 1992). Os periodos criticos de desenvolvimento em que
podem ocorrer a programacao incluem a pré-concepc¢ao, a gravidez e a lactacéo até
a adolescéncia (CERF, 2015). Do final da gestacéo até o inicio da vida pés-natal,
acontece a diferenciacdo sexual do cérebro (MACLUSKY; NAFTOLIN, 1981).
Alteracbes nesse processo podem levar a uma masculinizagdo incompleta, algo que
sera percebido somente na puberdade e na vida adulta, causando anomalias na
fertilidade e no comportamento sexual (GERARDIN; PEREIRA, 2002).

Alguns trabalhos tém demonstrado os efeitos negativos da exposicdo ao
glifosato durante periodos criticos do desenvolvimento (prenhez, lactacdo e
puberdade) sobre o sistema reprodutor masculino, tais como a diminuicdo na
concentracdo de espermatozoides e alteracbes hormonais (DALLEGRAVE et al.,
2007; ROMANO et al., 2010; ROMANO et al., 2012). Diante disso, o objetivo deste
trabalho é avaliar os efeitos da exposicdo materna pré e pos-natal ao agrotoxico
glifosato nas maes e na morfologia e fisiologia do sistema reprodutor masculino da

prole de camundongos machos durante a vida adulta.



12

OBJETIVOS

Objetivo geral

Avaliar os efeitos da administracéo de glifosato ROUNDUP® durante a prenhez
e a lactacdo sobre as maes e o sobre o sistema reprodutor masculino da prole adulta
(F1).

Objetivos especificos

Investigar se a exposicdo materna ao glifosato, durante prenhez e a lactacao,
causa alteracdes no peso corporal das maes, dias de gestacdo e numero de filhotes
ao nascimento.

Avaliar se a exposicdo materna ao glifosato, durante prenhez e a lactagéo,
causa alteragcbes nos parametros corporais, plasmaticos e concentracdo de

espermatozoides da prole masculina (F1).
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REVISAO DE LITERATURA

1. Agrotoxicos

Os agrotodxicos sao definidos como substancias quimicas utilizadas para repelir,
destruir ou prevenir qualquer praga, tais como insetos, roedores, ervas daninhas e
microrganismos. Sao utilizados, majoritariamente, na agricultura, mas podem ser
empregados também na saude publica, no combate a vetores; ha também o0 uso
doméstico, sendo aplicados em jardins e no combate a ervas daninhas (ALAVANJA,
2009).

A exposicdo aos agrotoxicos é considerada, pela Organizacdo Mundial da
Saude (OMS), um problema de saude publica mundial, sendo associada como fator
causal de agravos a saude e mortes em todo mundo. Os efeitos da exposicdo podem
ser agudos, por meio do contato ocupacional ou acidental, e/ou crbénicos, causados
principalmente pela presenca de residuos de agrotdxicos no meio ambiente. Nesse
caso, toda a populacdo pode estar exposta a essas substancias por meio da agua e
dos alimentos contaminados (OMS, 2010). Em ambos os casos de intoxicacao
existem dificuldades no diagnéstico, devido ao alto custo e a inviabilidade da
realizacdo de exames em larga escala. Atualmente, na pratica clinica, existem
técnicas que permitem a identificacdo apenas de intoxicacdes agudas por agrotéxicos
classificados como organofosforados e carbamatos (LONDRES, 2011).

Os efeitos mais comuns associados a exposi¢cao aos agrotdxicos sdo alergias,
distarbios gastrointestinais, respiratorios, enddcrinos, reprodutivos e neuroldgicos,
além de neoplasias, mortes acidentais e suicidio (OMS, 2010). Estudos com o
agrotoxico dicloro-difenil-tricloroetano (DDT), que atualmente esta com uso proibido,
mostram uma relagdo com o desenvolvimento de doencas metabdlicas, obesidade,
disfuncéo do tecido hepatico entre outras. Devido a esses efeitos, os agrotéxicos sao
classificados como DEQs, por interferirem com a fisiologia do sistema hormonal
(RODRIGUEZ-ALCALA et al., 2015).

O aumento no uso de agrotoxicos teve inicio apds as grandes guerras mundiais
para dar vasao aos produtos antes utilizados como armas quimicas. A chamada
‘revolucdo verde” também ocorreu no Brasil por meio de mudancas na politica
agricola, quando se passou a promover uma série de medidas para modernizacdo do

campo, incluindo o uso intensivo de agrotéxicos. E oportuno ressaltar que ainda hoje
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sédo fornecidas isencdes fiscais e tributarias para o comércio dessas substancias
(BRASIL, 2016; LONDRES, 2011).

Mundialmente sdo consumidos cerca de dois milh6es de toneladas de
agrotoxicos por ano, sendo 47,5% de herbicidas, 29,5% de inseticidas e 17,5% de
fungicidas (DE et al., 2014). Segundo os dados da Agéncia Nacional de Vigilancia
Sanitaria (ANVISA) e do Observatério da Industria dos Agrotoxicos da Universidade
Federal do Parana, em 2008, o Brasil foi o maior mercado mundial de consumo de
agrotoxicos. Entre 2005 e 2015, o mercado mundial cresceu 93%, enquanto o
mercado brasileiro cresceu 190%. Em 2010, por exemplo, o mercado nacional
movimentou cerca de US$ 7,3 bilhdes, o que representa 19% do mercado global de
agrotoxicos. Todavia, € importante ressaltar que esse aumento no consumo hao tem
sido proporcional ao aumento de area de cultivo (ANVISA, 2012).

Com o aumento consideravel do uso de agrotoxicos no pais, o risco de
exposicdo da populagdo a partir do trabalho e da contaminagcdo da agua e dos
alimentos também vem aumentando. No periodo de 2007 a 2014, houve crescimento
de 87% dos casos de intoxicacdo notificados, sendo que o total de notificacdes
acumuladas no periodo alcancou 68.873 casos. Esses acidentes e problemas de
saude s&o incorretamente creditados ao uso incorreto destas substancias e ndo a
toxicidade inerente as formulacdes (BRASIL, 2016). Porém sabe-se que a “deriva
técnica”, ou seja, a quantidade de agrotéxico disperso no meio-ambiente pelo ar e
pela dgua apdés uma aplicacdo, acontece com pelo menos 30% do produto aplicado,
mesmo que todas as recomendacgdes de seguranca sejam seguidas, devido a isso
LONDRES (2011) afirma que o uso seguro de agrotdxicos na pratica ndo existe.

Um dos agrotéxicos mais utilizados no mundo € o herbicida glifosato, que
desde seu lancamento em 1974 até os dias atuais domina o mercado (DUKE;
POWLES, 2008). No Brasil entre os dez agrotdéxicos mais consumidos, o glifosato
destaca-se na primeira posi¢cao (AGROFIT, 2013). O glifosato (N-(fosfonometil)glicina)
€ um herbicida ndo seletivo, de acdo sistémica do grupo quimico das glicinas
substituidas (MONSANTO, 2008). E comumente utilizado no combate a plantas
daninhas prejudiciais. Nas culturas tradicionais, a sua aplicagéo é realizada antes ou
apos o plantio, desde que se utilizem equipamentos adequados para evitar a
contaminacgao da planta cultivada. Nao obstante, com o desenvolvimento de espécies
transgénicas resistentes ao glifosato, a aplicacéo desse herbicida pode entdo ocorrer

em qualquer fase do desenvolvimento da planta (CERDEIRA et al., 2007).
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O mecanismo de toxicidade do glifosato ocorre pela interferéncia na sintese de
aminoé&cidos aromaticos essenciais, como a fenilalanina, a tirosina e a triptofano, por
meio da inibicdo da atividade da enzima 5-enolpiruvil-shiquimato-3-fosfato-sintase
(EPSPS), alterando a via do acido chiquimico e, assim, impedindo o crescimento da
planta (DUKE; POWLES, 2008; WILLIANS; KROES; MUNRO, 2000). A sua
efetividade como herbicida estd associada ao seu baixo peso molecular e a alta
solubilidade em agua, o que facilita a sua rapida absorcéo e translocacéo nos tecidos
vegetais (ANADON et al., 2009). Esse mecanismo de acdo altamente especifico faz
com o que o glifosato seja classificado como de baixo risco pela Agéncia de Protecao
Ambiental Americana (EPA), ja que a via do &cido chiquimico é encontrada em uma
populacao bastante restrita de organismos, em sua grande maioria plantas verdes, e
nao é expressa em nenhum organismo do reino animal (BAI; OGBOURNE, 2016;
WILLIANS; KROES; MUNRO, 2000).

No meio ambiente, o glifosato pode passar por trés diferentes processos: a
mineralizacdo, a imobilizacdo ou a lixiviacdo, dependendo das caracteristicas do solo,
como o pH, a quantidade de matéria organica, a concentracéo de fosfato, de cobre e
de ferro, entre outros. Destaca-se entre 0s processos 0 de mineralizacdo, o qual da
origem ao metabdlito mais comumente encontrado do glifosato, o &cido
aminometilfosfonico (AMPA). A lixiviagdo tem importancia quando se considera a
contaminacgao aquatica desse agrotoxico (BAl; OGBOURNE, 2016).

A acumulacdo dos agrotéxicos no meio ambiente pode ser estimada pelo
tempo de meia-vida dessas substancias em diferentes locais. Um tempo de meia-vida
longo e consequente degradacgao lenta aumentam o risco de contaminac¢ao ambiental
a longo prazo, principalmente quando associados ao uso frequente e indiscriminado
destas substancias, o que é comumente observado nas praticas agricolas atuais (AL-
RAJAB; SCHIAVON, 2010). No solo, o tempo de meia-vida do glifosato e do AMPA
podem ser bastante variaveis, entre 0,8 e 151 dias, variando de acordo com a
qualidade do solo e as condicdbes ambientais (BAI; OGBOURNE, 2016). Em
ambientes marinhos, Mercurio et al. (2015) demonstraram que o glifosato pode ter
uma meia-vida entre 47 e 315 dias, dependendo de condicbes como a luminosidade
e a temperatura.

Em animais, a toxicocinética do glifosato foi avaliada apds administracao por
via endovenosa (100 mg/Kg) e oral (400 mg/Kg) em ratos Wistar. Neste estudo, foi

demonstrado que o glifosato € amplamente distribuido no organismo e tem boa
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penetracdo em todos os tecidos. O tempo de meia-vida observado foi maior apos a
administracdo oral (14,38 horas) quando comparada com a administracao
endovenosa (9,99 horas), provavelmente devido a absorcédo lenta e incompleta pela
via oral, com uma biodisponibilidade de apenas 23,21%. O glifosato foi pouco
metabolizado nesses animais, apenas 6,49% foi transformado em AMPA. Esse
metabdlito demonstrou ter eliminacédo semelhante ao glifosato, com um tempo de meia
vida de 15,08 horas ap6s administracéo oral (ANADON et al., 2009). A excrecéo do
glifosato em ratos ocorre majoritariamente por via fecal, sendo encontrada nas fezes
a presenca de 62 a 69% da dose oral administrada. A excrec¢ao por via renal € menos
significativa, cerca de 36% da dose oral & encontrado na urina (WILLIANS; KROES;
MUNRO, 2000).

Quanto aos riscos para saude humana por meio de alimentos contaminados
com glifosato, os dados s&o escassos e limitados. Verifica-se uma auséncia de
métodos analiticos com sensibilidade para detectar pequenas concentracfes dessa
substancia. Entretanto, sabe-se que tanto plantacdes quanto espécies selvagens de
areas proximas a locais de aplicacdo de glifosato apresentam residuos desta
substancia (BAlI; OGBOURNE, 2016). No Brasil, o Programa de Andlise de Residuos
de Agrotoxicos em Alimentos (PARA) descreveu em seu relatério de analises de 2013
a 2015 que ndo realiza a pesquisa de glifosato nas amostras devido a necessidade
de implantacdo de uma metodologia especifica para analise desta substancia, o que
sobrecarregaria a rotina de trabalho do laboratoério; contudo, o programa pretende
incluir essa metodologia nas préximas analises (ANVISA, 2016).

Outra questédo importante a ser discutida com relacdo aos agrotoxicos € que as
formulac6es comerciais dessas substancias nao contém somente o ingrediente ativo,
mas também os adjuvantes e 0s excipientes, que sao utilizados para melhorar a
estabilidade ou a penetracdo da substancia ativa na célula alvo (VANDENBERG et al,
2017). A industria declara esses adjuvantes como inertes e, na maioria das vezes,
eles sdo excluidos dos testes de toxicidade, no quais € utilizado somente o ingrediente
ativo. Alguns trabalhos; porém, vém demonstrando que as formulagdes comerciais
sdo mais téxicas que o principio ativo isolado (DEFARGE et al., 2016; MESNAGE et
al., 2014; NOBELS et al., 2011).

Pesquisas que utilizaram diferentes formulacdes de glifosato demonstram que
esses compostos podem causar alteracdes em diferentes orgaos e tecidos tanto in

vitro como in vivo. Um estudo verificou que o glifosato inibe a proliferagédo e a
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diferenciacdo celular de fibroblastos e induz a apoptose in vitro (MARTINI;
GABRIELLI; VILA, 2012). Outro estudo concluiu que ratos Wistar expostos ao glifosato
apresentam aumento da concentracdo do neurotransmissor excitatério glutamato no
hipocampo, levando a toxicidade e ao estresse oxidativo (CATANNI et al., 2014).
Vérios trabalhos na literatura especializada demonstram a toxicidade do glifosato
sobre o sistema reprodutor (CAVALLI et al., 2013; DALLEGRAVE et al., 2007,
ROMANO et al., 2010; ROMANO et al., 2012). Atualmente, estudos demonstram que
o glifosato, mesmo presente em baixas concentracdes, tem atividade biologica
(LARSEN et al., 2012) e potencial efeito como DEQ (ROMANO; ROMANO; OLIVEIRA,
2009).

2. Desreguladores Endocrinos Quimicos

A comunidade cientifica tem um interesse cada vez maior em pesquisar grupos
de substancias que, quando presentes no meio ambiente, tém a capacidade de
interferir com o sistema enddécrino de animais e seres humanos (BILA; DEZZOTI,
2007). Essas substancias sdo chamadas de DEQs e sdo definidas como substancias
que alteram a funcdo do sistema enddcrino e, consequentemente, causam efeitos
adversos ao organismo exposto, podendo afetar também os seus descendentes
(OMS, 2012).

O interesse pela pesquisa com os DE ocorreu apos a publicacdo de alguns
trabalhos de destaque em seres humanos. Entre esses, destaca-se estudos que
comprovaram o aparecimento de cancer em filhas de maes que utilizaram
dietiletilbestrol durante a gravidez, e o declinio na qualidade de sémen de homens
durante cerca de 50 anos na Dinamarca. Ademais, outras pesquisas que
demonstraram que o agrotéxico DDT causa efeitos nocivos ao sistema reprodutor de
jacarés, de mamiferos e de passaros (BILA; DEZZOTI, 2007).

Recentemente, vérios trabalhos tém demonstrado que os DE, incluindo os
Poluentes Organicos Persistentes (POPSs), pesticidas, polimeros plasticos e aditivos
alimentares, alteram o funcionamento do sistema nervoso, da tireoide e do sistema
reprodutor (MAQBOOL et al., 2016). Além disso, podem levar ao desenvolvimento de
cancer de mama, de prostata e de testiculos, a obesidade e ao diabetes (DE COSTER,;
VAN LAREBEKE, 2012). Magbool et al. (2016) descrevem que os efeitos associados
aos DE seriam ocasionados pelo estresse oxidativo, devido a producéo de espécies

reativas de oxigénio, que, por sua vez, levam a lesdes no DNA. Isso culminaria em
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defeitos na sintese de lipideos e proteinas, bem como na inibicdo de enzimas
envolvidas na biossintese dos esteroides, principalmente do citocromo P450. A
principal fonte de exposi¢cdo humana e animal aos DEQs se da por intermédio da agua
contaminada, ja que essas substancias, depois de desprezadas, acabam
contaminando os lengais freéticos e os tratamentos convencionais ndo sao capazes
de remové-las (PONTELLI; NUNES; OLIVEIRA, 2016).

Sabe-se que o periodo mais sensivel para exposicdo aos DE séo os periodos
criticos para o desenvolvimento, como a vida fetal e a puberdade. Essa exposi¢ao
pode ndo causar efeitos imediatos como problemas teratogénicos, mas pode levar a
um aumento da incidéncia de doencgas ao longo da vida (OMS, 2012). Devido ao papel
critico desempenhado pelos hormoénios, substancias que mimetizam suas acdes
podem causar mudancas no ambiente materno fetal que alteram a trajetdria normal
do desenvolvimento do feto e podem programar o desenvolvimento de doencas na
vida adulta desses individuos (PADMANABHAN; CARDOSO; PUTTABYATAPPA,
2016).

3. Programacao Fetal

O termo “programacéo” foi descrito inicialmente por Lucas (1991) como uma
mudanca permanente e de longo prazo na estrutura ou na funcdo de um organismo,
resultante de um estimulo ou de um insulto em um periodo critico do inicio da vida.
Durante a mesma época, a nutricdo fetal e pds-natal deficiente ja havia sido
relacionada ao desenvolvimento de doencas cardiovasculares e diabetes mellitus tipo
2 (DM2) na vida adulta (BARKER, 2007; HALES; BARKER, 1992). A associagéo entre
insultos ocorridos durante periodos criticos do desenvolvimento e o risco aumentado
de doencas crbnicas ao longo da vida possivelmente ocorra devido a efeitos
ambientais que influenciam a expressdo genica, por meio de mecanismos
epigenéticos e efeitos de sinalizagdo hormonal transmitidos ao feto durante a
gestacdo e ao recém-nascido via lactacdo. O periodo em que esses insultos podem
ocorrer incluem desde a vida pré-natal, pés-natal, infancia até a adolescéncia, que
sao estagios caracterizados por um alto grau de plasticidade (SILVEIRA et al., 2007).

Foram propostas algumas hipoteses que explicam a programacéo metabolica.
Hales e Barker (1992) descreveram a teoria do fenotipo poupador, a qual propde que
o feto é capaz de se adaptar ao ambiente intrauterino adverso otimizando o uso da

oferta energética. Nessa perspectiva, 0s nutrientes sdo direcionados para 0rgaos
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criticos em detrimento de outros 6rgéos, aumentando entdo a vulnerabilidade desses
orgdos na vida pos-natal. Outra hipétese muito discutida € a da resposta adaptativa
preditiva, em que o feto estima e prediz o ambiente pds-natal e promove, assim,
adaptacdes em seu processo de desenvolvimento ainda na vida uterina (GLUCKMAN;
HANSON, 2004). Diferentemente do que foi proposto por Hales e Barker (1992), essa
nova teoria propde que ndo ha vantagem imediata nas alteragdes fisiologicas, haja
vista que o objetivo é a sobrevivéncia do feto na vida pés-natal pelo menos até a idade
reprodutiva (SILVEIRA et al., 2007). Recentemente, propds-se uma terceira hipétese
chamada de teoria do segundo “hit”, que sugere que os insultos ocorridos durante o
periodo perinatal (primeiro “hit”) ndo seriam por si so suficientes para alterar o fenotipo
do individuo na vida adulta; porém, a exposicao a estressores na vida pés-natal podem
agir como um segundo “hit” ativando ou amplificando os efeitos da programacao fetal
e levando ao aparecimento de doengcas (PADMANABHAN; CARDOSO;
PUTTABYATAPPA, 2015).

Os insultos que desencadeiam a programacao fetal podem ser diversos, tais
como doencas maternas e fetais, deficiéncia ou excesso de nutrientes, estresse, estilo
de vida, intervencdes médicas e exposicdo a quimicos ambientais. Algumas dessas
alteracdes podem levar a consequéncias ja durante a vida pos-natal imediata,
enquanto outras permanecem silenciadas até a vida adulta (PADMANABHAN;
CARDOSO; PUTTABYATAPPA, 2016). Na literatura ja foram descritas evidéncias
experimentais ou epidemiolégicas da programacédo fetal na sindrome metabdlica,
doenca corondria, DM2, hipercolesterolemias, doenca hepética gordurosa nao
alcoolica e problemas no sistema reprodutor (BARKER et al., 2007; DE GUSMAO
CORREIA et al., 2012; EBERLE; AMENT, 2012; HOFFMAN et al., 2018; OBEN et al.,
2010).

HormoOnios esteroides desenvolvem um papel fundamental durante o
desenvolvimento fetal influenciando na diferenciacéo celular de 6érgédos sistémicos,
diferenciacdo sexual, desenvolvimento e funcdo do sistema reprodutor. Nesse
contexto, os sistemas reprodutivo e metabdlico sdo 0s mais suscetiveis a uma
exposicao inapropriada a esteroides durante o desenvolvimento, o que pode culminar
em patologias na vida adulta, como, por exemplo, exposi¢cdo aos DEQs associada a
problemas reprodutivos (CARDOSO; PUTTABYATAPPA; PADMANABHAN, 2015;
HO, SHUK MEI et al., 2017)
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O desenvolvimento do sistema reprodutor em mamiferos tem inicio logo nos
primeiros dias de gestacdo e se prolonga até a puberdade. Esse prolongado periodo
de desenvolvimento, crescimento e diferenciacdo promove uma ampla janela de
suscetibilidade para acédo dos DEQs (HO et al., 2017). Alguns trabalhos em roedores
demonstram que a exposicdo materna aos DEQs durante as fases criticas do
desenvolvimento causou a problemas reprodutivos na prole durante a vida adulta. A
prole masculina de camundongos expostos durante o periodo perinatal ao ftalato di-
isobutil, amplamente utilizado em produtos industriais, teve reducdo na concentracao
sérica e testicular de testosterona, bem como na concentracdo e motilidade dos
espermatozoides na vida adulta (WANG et al., 2017). A administracéo de bisfenol A,
substancia classificada como DEQ que é comumente encontrada em polimeros
plasticos, quando administrada durante a prenhez em ratas, levou ao aumento do
estresse oxidativo e de alteracbes da morfologia testicular e inibicdo da
espermatogénese (QUAN et al., 2016). Dallegrave et al. (2007) demonstraram que a
administracdo do agrotoxico glifosato durante a prenhez e lactacéo causou alteracoes

no sistema reprodutor da prole masculina tanto na vida adulta quanto na puberdade.

4. Sistema Reprodutor Masculino

O sistema reprodutor masculino é formado pelos testiculos, epididimos e
orgaos acessorios, como as glandulas bulbouretrais, a vesicula seminal e a préstata.
O testiculo tem funcao dupla de producdo de hormonios e de espermatozoides. O
hormonio produzido é a testosterona, que € importante para espermatogénese, para
a diferenciacdo sexual e seu metabdlito ativo, a di-hidrotestosterona (DHT), que age
nos tecidos alvos durante a puberdade e vida adulta, conferindo as caracteristicas
sexuais masculinas. Os testiculos sdo constituidos pelos tabulos seminiferos
altamente enovelados, entremeados por tecido conjuntivo frouxo, o intersticio. No
intersticio, encontra-se as células de Leydig, sendo essas responsaveis pela producao
de testosterona. As células de Sertoli nos tubulos seminiferos fornecem o suporte
fisico e nutricional para as células germinativas em desenvolvimento, ou seja, para o
processo de espermatogénese (JUNQUEIRA; CARNEIRO, 2008).

Durante a vida fetal, células germinativas primordiais derivadas do endoderma
do saco vitelino migram até a gdbnada e se diferenciam em espermatogénias no interior
dos tabulos seminiferos. Na puberdade, devido a estimulagdo hormonal, o processo

de espermatogénese torna-se ativo. Durante esse processo, as espermatogobnias déo
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origem aos espermatocitos primarios, os quais, ao se dividirem durante a primeira
divisdo meidtica, ddo origem aos espermatoécitos secundarios, que passam pela
meiose I, originando as espermatides, que, por fim, se diferenciam em
espermatozoides (Figural) (HALL, 2011).

Espermatide

| Espematozoide

Espermatocito
secundario

— Espermatocito
primario

Célula de
Sertoli

Figura 1. llustragdo da organizagdo celular no interior dos
tubulos seminiferos do testiculo.
Fonte: Hall (2011).

O eixo hipotalamico-hipofisario-testicular (HHT) constitui a relacdo entre o
sistema nervoso central e o sistema reprodutor, e desempenha um papel fundamental
na producdo de horménios esteroides e também na reproducdo masculina. Fazem
parte deste sistema o hormdnio liberador de gonadotrofinas (GnRH), o horménio
luteinizante (LH), o hormdnio foliculo-estimulante (FSH) e os horménios esteroides
sexuais (JEONG; KAISER, 2006). O GnRH é um peptideo com dez aminoacidos
secretados pelos neurdnios do nucleo arqueado do hipotalamo, € liberado no sistema
vascular porta hipotalamico-hipofisario, de onde é transportado para hipdéfise anterior
na circulacdo porta hipofisaria e estimula a liberacdo de duas gonadotrofinas, o LH e
o FSH (HALL, 2011). As gonadotrofinas séo glicoproteinas que agem sobre as
gbnadas por meio da ligacdo aos receptores localizados na membrana das células
alvo nos testiculos, principalmente por ativar o sistema de segundo mensageiro do
monofosfato ciclico de adenosina (AMPc). O LH age nas células de Leydig,

estimulando a sintese de testosterona. O FSH atua no controle da producédo de
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espermatozoides, por intermédio da estimulacdo das células de Sertoli. Além de

agirem nas gonadas regulando a gametogénese, os horménios esteroides fazem a

retroalimentacéo (feedback) sobre o hipotdlamo e a hipdfise (Figura 2) (EVERETT,

2006).

Figura 2. Regulacé@o por feedback do eixo hipotalamico-hipofisario-testicular no
sexo masculino. Os efeitos estimulatérios estdo indicados pelo simbolo + e os
efeitos inibitérios da retroalimentacéo negativa estéo indicados pelo simbolo -. FSH,
hormonio foliculo estimulante; GnRH, horménio liberador de gonadotrofinas; LH,

hormonio luteinizante.
Fonte: Hall (2011).
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O desenvolvimento do sistema reprodutor ocorre durante a vida fetal.

Inicialmente, as gbnadas sé&o indiferenciadas e tém os progenitores de ambas os

sexos, uma complexa interagdo celular e hormonal leva ao desenvolvimento do

fendtipo masculino. Para desenvolvimento do sistema reprodutor masculino é

necessario um controle hormonal, e a testosterona é essencial para diferenciacédo
morfoldgica do sistema reprodutor e também do eixo HHT (WILSON e DAVIES, 2007).

A testosterona € produzida nos testiculos pelas células de Leydig a partir do colesterol.

A enzima 5-alfa-redutase converte a testosterona em um metabdlito muito mais ativo

a DHT. Durante o desenvolvimento fetal, os androgenos exercem efeitos de logo

prazo que incluem a organizacao de 6rgaos especificos durante as fases criticas da
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morfogénese ou programacédo de atividades de enzimas que seréo expressas mais
tarde na vida (FOREST, 1983). As alteracbes nesses processos podem levar a
masculinizacdo incompleta que sera percebida somente na puberdade e na vida
adulta, causando anomalias na fertilidade e comportamento sexual (GERARDIN;
PEREIRA, 2002).

5. Infertilidade Masculina

A infertilidade pode ser definida como a incapacidade de um casal sexualmente
ativo e sem a utilizacdo de métodos anticoncepcionais de estabelecer gravidez em um
ano (OMS, 1999). Tal incapacidade pode afetar até 15% da populagcédo sexualmente
ativa, com o componente masculino envolvido em até 50% dos casos, seja isolado ou
em associacdo com alguma disfuncéo feminina (KLIESCH, 2017; PASQUALOTTO et
al., 2004). No Brasil, estima-se que mais de 278 mil casais em idade fértil tenham
dificuldade para conceber um filho. A Politica Nacional de Atencdo Integral em
Reproducdo Humana Assistida prevé o apoio do SUS para o tratamento da
infertilidade (BRASIL, 2012). Estudos demonstram que a infertilidade masculina tem
aumentado nas Ultimas décadas; entretanto, alguns fatores dificultam o estudo
epidemiologico deste problema de saude, como o fato de que a infertilidade masculina
ndo € uma doenca de notificacéo e por ser diagnosticada e tratada ambulatoriamente.
Contudo, sabe-se que a infertilidade masculina esta associada a sérios problemas
psicossociais e conjugais e a onerosos custos para os servicos de saude em todo
mundo (WINTERS; WALSH, 2014).

As causas de infertilidade sdo bastante variaveis desde criptorquidismo, causas
genéticas e abuso de substancias ilicitas. Alguns fatores de risco também podem ser
associados a raca, a regido geografica e a faixa etaria (WINTERS; WALSH, 2014).
Medicamentos tais como anti-hipertensivos, antipsicéticos, antidepressivos triciclicos,
entre outros, também podem estar associados a problemas de fertilidade
(PASQUALOTTO et al., 2004). Recentemente, em uma revisdo sistematica, foi
demonstrado que o paracetamol, analgésico e antipirético comumente utilizado por
grande parte da populacdo mundial, em altas doses, pode afetar a morfologia do
esperma e causar supressao da sintese de testosterona (BANIHANI, 2017). A
obesidade também esta associada a problemas reprodutivos. Estudos demonstraram
gue homens com sobrepeso ou obesidade tém aumento na prevaléncia de

oligozoospermia (concentracdo de espermatozoides menor que 20 milhdes por
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mililitro de sémen ejaculado) em relacdo aos homens com peso normal (JENSEN et
al., 2004). Ainda, a mobilidade dos espermatozoides em homens com sobrepeso e
obesidade foi menor quando comparada com homens com peso normal (KORT et al.,
2006).

Uma das causas do aumento da infertilidade masculina pode estar associada
aos DEs durante as atividades laborais dos homens, como demonstrado na revisao
sistematica de Queiroz e Waissmann (2004), em que o uso de substancias como
metais pesados, agrotoxicos, bifenilas policloradas, ftalatos, e PVC levou a alteracdes
no sistema reprodutor masculino. O uso de agrotoxicos também foi considerado um
fator de risco para infertilidade masculina em agricultores iranianos (GHAFARI,
CHERAGHI; DOOSTI-IRANI, 2017).

6. Sistema Reprodutor X Glifosato

Pesquisas tém demonstrado que os efeitos do glifosato sobre o sistema
reprodutor sdo mediados pela inibicdo da enzima aromatase, que € importante para
conversdo de testosterona em estradiol durante o processo de masculinizacdo do
cérebro; essa inibicdo foi observada em células placentérias e embrionarias humanas
(BENACHOUR et al., 2007; RICHARD et al., 2005). Os efeitos toxicos também podem
ser mediados pela agéo do glifosato de reducdo das concentracdes da proteina aguda
de regulacdo da esteroidogénese (STAR), demonstrado em culturas de células
tumorais Leydig MA-10 (WALSH et al., 2000).

Um dos periodos criticos para acdo dos DEQs é a puberdade. Pesquisadores
avaliaram os efeitos da formulagédo comercial de glifosato ROUNDUP Transorb® no
periodo pré-puberal. O glifosato foi administrado em ratos Wistar machos entre o 23°
e 53° dias de vida por gavagem (5, 50 ou 250 mg/Kg). Os animais que receberam
glifosato tiveram um atraso no inicio da puberdade, evidenciado pelo retardo na
separacao prepucial. Nado houve diferencas na evolucédo de peso corporal entre os
grupos estudados. Na dose de 250 mg/Kg, o peso dos testiculos foi maior em relacao
ao controle. A concentragao de testosterona diminuiu de forma dose dependente nos
grupos que receberam glifosato (ROMANO et al., 2010).

Outro periodo critico para o desenvolvimento ocorre durante a prenhez e a
lactacdo. Dallegrave et al. (2007) avaliaram os efeitos do glifosato ROUNDUP®
administrado por gavagem em ratas Wistar durante o periodo de prenhez e de

lactacéo nas doses de 50, 150 e 450 mg/kg, na prole masculina durante puberdade e
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na vida adulta. Nao foi verificado toxicidade materna ou diferenca no numero de
filhotes, peso ao nascimento e propor¢ao de machos e fémeas. Nao houve diferenca
no peso do epididimo e do testiculo na puberdade e na vida adulta; porém, houve um
aumento na concentracdo de espermatozoides anormais na puberdade e diminui¢ao
da concentracdo e na producéo diaria de espermatozoides na vida adulta. Verificou-
se também que a concentracdo de testosterona diminuiu de forma dose dependente
na puberdade.

Romano et al. (2012) avaliaram os efeitos da exposicdo materna ao glifosato
no periodo de diferenciagdo sexual hipotalamica (18° dia de prenhez até o 5° dia de
vida da prole) no sistema reprodutor da prole masculina. Foi administrada a
formulacdo comercial de glifosato ROUNDUP Transorb® por gavagem (50 mg/Kg). A
prole oriunda das mées que receberam glifosato apresentou aumento das
concentracbes séricas de testosterona e estradiol. Foi observado também um
aumento na expressdo de RNAm de LH na hipéfise, bem como aumento do contetido
proteico desse hormdnio na hipdéfise e no plasma no grupo tratado. Todavia, com
relacdo ao FSH, observou-se apenas aumento do RNAm na hipofise, enquanto que
as concentracdes proteicas na hipofise e no plasma foram similares ao grupo controle.
O grupo glifosato apresentou aumento da concentracdo e na producdo diéria de
espermatozoide, bem como no peso da cabeca e da cauda do epididimo. O peso dos
testiculos foi similar em ambos os grupos. A partir desses resultados os autores
concluiram que a exposicdo materna ao glifosato altera o processo de masculinizacao,
e sugerem que ocorreu um estimulo permanente na producéo de LH ou uma falha no
mecanismo de feedback negativo da testosterona sobre a producéo de LH.

Outro estudo realizado somente com o ingrediente ativo glifosato isolado,
administrado em ratos machos por gavagem nas doses de 5, 50 e 500 mg/Kg durante
5 semanas, demonstrou que ndo houve diferenca no peso dos érgaos reprodutores,
na concentracdo de testosterona, de estradiol e de progesterona. Nao obstante, a
concentracdo de espermatozoides foi menor nos ratos que receberam 500 mg/Kg (DAI
et al., 2016).

A patrtir dos resultados desses estudos se verifica que os efeitos da exposicao
ao glifosato em periodos criticos do desenvolvimento sdo escassos e que 0sS
resultados diferem quanto ao tipo de formulacéo utilizada e ao periodo de exposicéo,

justificando a necessidade de novos estudos para elucidar os mecanismos envolvidos
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ABSTRACT
One of the most consumed pesticides in the world is glyphosate, the active ingredient
in the herbicide, ROUNDUP®. Studies demonstrate that glyphosate acts as an
endocrine disruptor and that exposure to this substance at critical times in the
developmental period may program the fetus to induce reproductive damage in
adulthood. Our hypothesis is that maternal administration of glyphosate in mice
during pregnancy and lactation will affect the development of male reproductive
organs, impairing male fertility during adult life. Female mice consumed 0.5%
glyphosate-ROUNDUP® in their drinking water (GLY group) or filtered water [control
(CTL) group] from the 4™ day of pregnancy until the end of the lactation period. Male
F1 offspring were designated, according to their mother’s treatment, as CTL-F1 and
GLY-F1. Female mice that drank glyphosate displayed reduced body weight gain
during gestation, but no alterations in litter size. Although GLY male F1 offspring did
not exhibit modifications in body weight, they demonstrated delayed onset of puberty.
Furthermore, 150-day-old GLY-F1 mice presented a lower number of spermatozoa in
the cauda epididymis and reduced epithelial height of the seminiferous epithelium.
Notably, intratesticular testosterone concentrations were enhanced in GLY-F1 mice,
an effect associated with increased plasma and pituitary concentrations of luteinizing
hormone (LH). Therefore, data indicate, for the first time, that maternal exposure to
glyphosate-ROUNDUP® during pregnancy and lactation may lead to decreased
spermatogenesis and disruptions in hypothalamus-pituitary-testicular axis regulation

in F1 offspring.

Keywords: Developmental origins of health and disease, Endocrine disruptor
chemical, Hypothalamus-pituitary-testicular axis, Pesticides, Spermatozoa,
Testosterone.
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INTRODUCTION

The use of pesticides increased after the world wars * and, currently, exposure
to these substances has become a global health problem 2. The annual consumption
of pesticides worldwide is about 2 million tons 3. Humans and other animals are
exposed to these substances through the air, contaminated soil, food and water 245,
Glyphosate [N-(phosphonomethyl) glycine], the active ingredient in Monsanto
ROUNDUP® herbicide, is the most consumed pesticide in Brazil and in the world 6.
Glyphosate is a broad-spectrum herbicide whose mechanism of plant toxicity occurs
through interference with the production of essential aromatic amino acids by
inhibition of the enzyme, enolpyruvylshikimate phosphate (EPSP) synthase, which is
responsible for the biosynthesis of chorismic acid 8. Since this pathway of synthesis
is not shared by any member of the animal kingdom, glyphosate has been classified
as of low risk (United States Environmental Protection Agency, EPA) and some
authors have described its use as safe for human and animal populations ©°. Despite
this apparent safety, many studies have shown hazardous effects of exposure to
glyphosate 1°-15, including effects on the endocrine system, leading to the
classification of glyphosate as an endocrine disruptor chemical (EDC)215-18,

Due to the critical role played by hormones during fetal development,
substances that interfere with their actions, such as EDCs, can cause changes in the
maternal environment that alter the normal trajectory of intrauterine development and
potentially increase the risk of chronic diseases in adulthood 1°2°. The developmental
origins of health and disease (DOHaD) phenomenon propose that, during specific
developmental periods, tissues and organs are particularly sensitive to environmental
exposures that program the organism for disease susceptibility later on in life 2. This

phenomenon is well established in the literature for chronic diseases such as obesity,
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Diabetes mellitus, metabolic syndrome and cardiovascular disease 22724, In addition,
data obtained with human and experimental rodent studies demonstrate that the
concept of programming can also be applied to the reproductive system and that this
system is extremely susceptible to DOHaD effects induced by EDCs 2526,

For the assessment of the toxicity of glyphosate on the reproductive system,
only two studies have been conducted on maternal exposure, showing contradictory
outcomes on male reproduction in offspring. At 140 days of age, offspring from
female rats that were exposed to a commercial formulation of glyphosate-
ROUNDUP® during the entire pregnancy and lactation period displayed a decrease
in the number of spermatozoa without changes in plasma testosterone levels 16,
However, the male F1 offspring from female Wistar rats, exposed to glyphosate-
ROUNDUP® from the 18" day of pregnancy until to the 5" postnatal day, exhibited
an increase in the number of spermatozoa, and in testosterone, estradiol, and
luteinizing hormone (LH) levels 7. Therefore, more investigations are needed to
characterize the actions of glyphosate as an EDC and its involvement in DOHaD.
Herein, our hypothesis is that maternal administration of glyphosate during the pre
and post-natal period will affect the hypothalamus-pituitary-testicular axis in the F1
offspring, malprogramming the physiological development of reproductive organs
during fetal and neonatal life. As such, we evaluated the effects of maternal exposure
to glyphosate on pubertal onset and reproductive morphofunction in male F1
offspring. Firstly, we performed a pilot study offering 0.5% or 1% glyphosate-
ROUNDUP® in the drinking water to dams during pregnancy and lactation, as used
in rats in previous studies 2728, Since the dams that received 1% glyphosate
displayed a higher number of stillbirths, impaired maternal behavior or reduced

survival of pups after birth, we conducted the study using the dose of 0.5%
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glyphosate. Remarkably, our data provide the first evidence that maternal exposure
to glyphosate during gestation and lactation delayed puberty onset, and impaired
mature spermatozoa content in the cauda epididymis, effects that were linked with

disruptions in hypothalamic-pituitary-testicular axis function in male F1 offspring.

Methods
Experimental mice groups

Maternal (FO) groups

Sexually mature male and female C57BI/6 mice (60-90 days old, 20-25 g) were
obtained from the UNIOESTE"s Central Animal Facility and maintained in the
sectorial animal house of the Endocrine Physiology and Metabolism Laboratory at 28
+ 2 °C on a 12 h light-dark cycle (lights on at 8:00 am to 8:00 pm). Mice had free
access to standard laboratory rodent chow diet (Supralab, Sdo Leopoldo, RS, BRA)
and filtered water. Two female mice in the proestrus phase of the estrus cycle were
placed in a cage with one male during the dark period for mating. On the subsequent
morning, vaginal smears were obtained from all females and examined by light
microscopy. Pregnancy was confirmed in females in which spermatozoa were found
or that remained in the diestrus phase of the estrus cycle for four days after mating.
Pregnant females were maintained in individual cages and received filtered water
[control (CTL) group, n=11] or 0.5% glyphosate (GLY group, h=9; ROUNDUP
Original DI®, Monsanto, BRA) in the drinking water from the 4" day of pregnancy
until the end of the lactation period. This glyphosate dosage was previously used in
pregnant rats 2’ and male adult rats 28. The commercial formulation of glyphosate
ROUNDUP Original DI® (Monsanto, Sdo Paulo, SP, BRA) contains 445 g/L N-

phosphonomethylglycine diammonium salt, which corresponds to 370g/L (37.0%
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m/v) of the active component of glyphosate. The body weights of the mothers were
recorded weekly during pregnancy and on the day of weaning. The duration of

pregnancy and the number of pups were also registered.

F1 offspring groups

At 30 days of age, the CTL and GLY F1 offspring were weaned. Male F1
offspring were designated in accordance with their maternal treatments as CTL-F1
(n=12, from 12 litters) and GLY-F1 (n=8, from 8 litters). The mice were maintained
from 30-150 days of age in collective cages with free access to standard rodent chow
and filtered water. The descent of the testes was evaluated daily in the pups from the
21st day of life, by scrotum palpation, for determination of puberty onset. Figure 1

shows a representation of the FO and F1 mice groups.

Biometric and plasma biochemical parameters

At 150 days of age, 8-h-fasted mice were weighed and the nasoanal length was
measured. Blood was collected from the tip of the tail vein for glycemia measurement
using a glucose analyzer (G-tech, Accumed-Glicomed, BRA). All mice were then
anesthetized with xylazine (9 mg/kg body weight, Anasedan®, Vetbrands, BRA) and
ketamine (90 mg/kg body weight, Dopalen®, Vetbrands, BRA). Once the skin reflex
was absent, a total exsanguination was performed by cardiac puncture using a
heparinized syringe. Plasma samples were stored at -80°C for posterior
measurements of total cholesterol and triglycerides using colorimetric commercial kits
(Bioliquid, Laborclin, Pinhais, BRA); plasma testosterone concentrations using
ELISA kit (ab108666, ABCAM, Cambridge, UK); and LH and FSH plasma

concentrations using the Milliplex Map assay kit mouse pituitary magnetic bead panel
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(MPTMAG-49K, Merck, Millipore, MA, USA) with the immunoassay MAGPIX®

platform.

Epididymal sperm count

The right epididymis was removed, and caput/corpus and cauda were used for
counting spermatozoa, according to the protocol described by Marques and Oshio 2°.
Small cuts were made in the epididymis and diluted in 50 pL of saline solution.
Subsequently, 20 uL of the mixture was transferred to a volume of 6 mL of distilled

water for immobilization of spermatozoa and counting with a hemocytometer.

Testis histopathology and morphometry

For histopathological analysis, the left testis was fixed in Alfac solution for 24 h.
After fixation, the testis was embedded in Paraplast® (Sigma Aldrich, St. Louis, MO,
USA), and serial sections of 5 um in thickness were obtained, stained with
hematoxylin-eosin and evaluated by light microscopy (Olympus DP71; Olympus
BX60; Olympus, Japan) for qualitative histopathological analysis. Tubular cross-
sections of the testis were randomly evaluated for signs of germ cell degeneration,
detachment (appearance of breaking off cohorts of spermatocytes from the
seminiferous epithelium), vacuolization (appearance of empty spaces in the
seminiferous tubules) and the presence of multinucleated cells within the lumen of
the seminiferous epithelium 3°. For morphometric analyzes, images were obtained
from twenty testis sections per mouse and used for measurements of the tubular
diameter (measured from the basal lamina to the basal lamina in the opposite

direction), seminiferous epithelium (from the basal lamina to the most elongated
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spermatid) and the luminal diameter 1/ with Image Pro-plus 6.0® (Media Cybernetics,

Maryland, USA) software.

Extraction of intratesticular testosterone

The extraction of intratesticular testosterone was performed following the
protocol described by JEYARA et al. 3, with minor modifications. Firstly, the testis
was homogenized in 250 uL phosphate-buffered saline (PBS) with the aid of a micro
homogenizer (MA1102, Marconi, SP, Brazil). The homogenate was extracted with 5
mL diethyl ether and, after 5 min at room temperature, the upper phase was
removed, and the precipitate was extracted again with 3 mL diethyl ether. The ether
phases of the two extractions were combined, allowed to evaporate at room
temperature, and then dissolved in 1 mL PBS. The samples were diluted again with
PBS (1:20) and the testosterone concentrations were measured by ELISA kit as

above described.

Western Blotting

For measurement of pituitary LH protein content in CTL-F1 and GLY-F1 mice,
the gland was homogenized in 100 uL tissue protein extraction buffer containing
antiprotease agents (T- PER®, Thermo Scientific, USA) using a sonicator
(DESRUPTOR, Ultronique, BRA). The homogenate was centrifuged at 12,600 g at 4°
C for 20 min. The supernatant was collected, and the protein concentration was
measured by Bradford assay. Subsequently, the samples were incubated at 100 °C
for 5 min with Laemmli buffer. Proteins (40 ug per lane) were separated by
electrophoresis on biphasic polyacrylamide gel (SDS-PAGE). Subsequently, samples

were transferred to nitrocellulose membranes (Bio- Rad®, Hercules, CA, USA). The
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membranes were treated with a blocking buffer (5% non-fat dried milk) and then
incubated overnight with primary antibody against the 8 subunit of LH (B-LH; 1:500,
ab180787, Abcam, Cambridge, UK). The specific band was visualized by incubating
the membranes with secondary antibodies (1:10.000; Cell Signaling), followed by
incubation with chemiluminescent reagents. The image was registered with the
Chemi L-Pix Express photodocumentation system (Loccus Biotecnologia®, SP, BRA)
and the band densitometry was measured using the Lablmage analysis 1D software
(Loccus Biotecnologia®, SP, BRA). Western blotting was repeated on all membranes
using a-tubulin antibody (1:1000, T5168, Sigma Aldrich, St. Louis, MO, USA) for

control of protein expression.

Statistical analysis

Results are presented as means + SEM of the number of mice/samples
indicated in the table and figure legends. Data analysis was performed using
GraphPad Prism version 6.0 for Windows (GraphPad Software ©, La Jolla, CA, USA)
and R software®?. Firstly, the data were submitted to the Shapiro-Wilk test for
normality distribution evaluation. Parametric data were analyzed by unpaired
Student's t-test and nonparametric data by the Mann—Whitney U-test. The level of

significance was set at P < 0.05.

Results
Maternal (FO) group characteristics

The maternal GLY group displayed reduced body weight gain during pregnancy
and exhibited lower body weight at the end of the lactation period, when compared

with the CTL group (Tab. 1). However, no differences in the duration of gestation, or
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in the number of pups, were observed between the GLY and CTL maternal groups

(Tab. 1).

General and macroscopic reproductive characteristics in F1 offspring male
mice

At 150 days of age, the body weight, total body weight gain and nasoanal length
were similar in the GLY-F1 and CTL-F1 groups (Tab. 2). Furthermore, biochemical
metabolic parameters, such as fasting glycemia, triglyceridemia and cholesterolemia,
did not differ among GLY-F1 and CTL-F1 mice (Tab. 2).

To assess the toxicity of glyphosate on the male reproductive system, we first
evaluated whether the herbicide alters the onset of puberty. Notably, the GLY-F1
mice presented a delay in testis descent, when compared with CTL-F1 mice (Tab. 3).
This alteration was not associated with any modification in body mass, since the
body weights of the mice on the day of testis descent were similar in the GLY-F1 and
CTL-F1 groups (Tab. 3). In addition, at 150 days of age, GLY-F1 and CTL-F1 mice
did not exhibit differences in the relative or absolute weights of reproductive tissues

such as testis, epididymis, seminal vesicle and prostate (Tab. 3).

Epididymal sperm parameters

One of the bests parameters for estimation of reproductive toxicity is the sperm
number. The GLY-F1 mice displayed a reduction of 70% in sperm number in the
cauda epididymis, when compared with CTL-F1 mice (P = 0.0019; Fig. 1a). However,
the number of spermatozoa did not differ in the caput/corpus of the GLY-F1 and CTL-

F1 epididymis (P = 0.14; Fig. 1a).
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Testis histopathology and morphometry

Histopathological analyzes demonstrated that GLY-F1 and CTL-F1 testis
exhibited normal morphology, with normal seminiferous tubules, with concentric and
normally organized germ cell layers, and no significant presence of debris in the
lumen, acidophilic cells, vacuole formation, or degeneration (Fig. 1c). However,
morphometric analysis showed that GLY-F1 seminiferous tubules displayed
decreased height of the germinal epithelium, but without changes in the tubular and

luminal diameters (Fig. 1b).

Hormone levels and protein expression

Although the plasma testosterone concentrations were similar between GLY-F1
and CTL-F1 mice (P = 0.58; Fig. 2b), the intratesticular testosterone content in GLY-
F1 mice was 195% higher than that observed for CTL-F1 mice (P = 0.02; Fig. 2a).
Additionally, the Gly-F1 mice displayed increased plasma LH concentrations and an
enhancement of 111% in the B-LH pituitary protein content, when compared with the
CTL-F1 group (P =0.008 and P = 0.015; Fig. 2c). Plasma FSH concentrations were

similar in GLY-F1 and CTL-F1 mice (P = 0.808; Fig. 2c).

Discussion

Although the DOHaD phenomenon has historically focused on the effects of
under- and overnutrition, currently the field is expanding to cover effects of exposure
to chemicals, including substances that act as EDCs 3. The long period of
differentiation and maturation of the male reproductive system and its regulation by
hormones makes this system susceptible to the DOHaD effects of EDCs 34. Our

study demonstrated, for the first time, that exposure to a commercial formulation of
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glyphosate-ROUNDUP® during pregnancy and lactation disrupts the male
reproductive system in F1 male offspring. The commercial formulations of this
herbicide, besides containing the active glyphosate ingredient, comprises other
compounds that enhance glyphosate stability and penetration into vegetable cell 35,
Unfortunately, these ingredients have been declared inert by the industry and are
excluded from toxicity tests, but studies have been showing that the toxicity of the
herbicide formulation may not be due to glyphosate alone 36-38, Therefore, we chose
to use the glyphosate-ROUNDUP® formulation to mimic the substances used in
agriculture and found in contaminated water, air and soil.

Despite scarce investigation, a study has reported that increased plasma
glyphosate concentrations are related to shortening of gestation length in women .
However, as previously demonstrated for pregnant rats that ingest 0.5% glyphosate
28 we found that GLY dams did not present alterations in the length of gestation or
pup survival after birth. Additionally, in accordance with data obtained in female
Wistar rats exposed to 1% glyphosate during pregnancy 327 and lactation °, we
observed lower body weight gain during pregnancy and at the end of lactation in GLY
dams. It has been reported that pregnant rats exposed to 0.5 and 1% glyphosate
demonstrate lower body weight gain during gestation and several disruptions in
isocitrate dehydrogenase-NADP dependent enzyme, glucose-6-phosphate
dehydrogenase, and malic dehydrogenase activities in the liver, heart, and brain %7,
Interestingly, glyphosate dose-dependently decreased body weight gain and induced
inflammation, oxidative stress and de novo lipogenesis in the liver of male Wistar rats
40, We speculate that such effects also change intermediary metabolism and
nutritional profile in GLY maternal mice groups in our study, contributing to the lower

weight gain during gestation and lactation periods.
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Remarkably, we observed that chronic exposure to glyphosate-ROUNDUP®
during pregnancy and lactation delayed puberty onset in male F1 offspring without
changing body weight. This effect was also observed in male Wistar rats exposed to
glyphosate-ROUNDUP® from the 23" to 53" day of age, in which the delayed in
preputial separation was not associated with changes in body weight in glyphosate-
treated groups *2. In addition to these data, indicating that maternal exposure to
glyphosate during gestation and lactation may have endocrine disrupter actions in F1
sexual maturation, we found that 150-day-old GLY-F1 mice exhibited lower
spermatozoa number in the cauda epididymis. This decrease in spermatozoa
number was accompanied by a reduction in the epithelial height of the seminiferous
tubules, indicating that maternal exposure to glyphosate may malprogram
spermatogenesis. Is known that this process is dependent on a well-orchestrated
hormonal environment in which LH stimulates Leydig cells to produce testosterone,
and this androgen together with FSH stimulates spermatogenesis. In addition,
testosterone reduces LH pituitary secretion via a negative feedback in the pituitary
and hypothalamus 4. A previous study using male Wistar rats that were exposed to
this herbicide from the pre-pubertal period (from the 23" to 53" day of age) also
observed reductions in epithelial height and luminal diameter of seminiferous tubules,
but such effects were linked to reduced testosterone plasma concentrations *2. In
contrast, in male F1 offspring from female rats that were treated with glyphosate-
ROUNDUP® Transorb from the gestational day 18 to postnatal day 5, an increase in
LH and testosterone plasma levels, associated with enhanced spermatogenesis,
were reported /. Here, we observed that maternal exposure to glyphosate also
induced a hypothalamus-pituitary-testicular disruption by a different mechanism that

reduces male sperm reserve, since GLY-F1 mice exhibited enhanced intratesticular
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testosterone concentrations without modifications in plasma testosterone levels, but
increased plasma and pituitary LH contents.

A testosterone surge from the testes is known to occur in neonatal rodents,
which begins prenatally (at approximately embryonic day 18) and peaks on the day
of birth 42. This testosterone surge is important to establish the sexually dimorphic
brain circuitry that controls male differentiated behavior and reproductive
physiological processes. Notably, this androgen surge acts on the developing brain
and shapes its subsequent responsivity to the adult hormonal profiles that regulate
male reproductive function. After the neonatal testosterone surge, plasma
testosterone levels drop to low levels, where they persist until the onset of puberty
4243 Therefore, our results indicate that maternal glyphosate exposure during
pregnancy and lactation may disrupt such male development regulation in the GLY -
F1 group, which malprograms the reproductive system. We suggest that this
malprogram may manifest not only due to disruptions in perinatal and postnatal
androgen concentrations, induced by glyphosate, but also due to impairments in
androgen actions in the brain of GLY-F1 mice, since most of the actions of
testosterone in neurons occur due to its intracellular aromatization to estrogen via
cytochrome P450 aromatase #?>#3. Supporting this hypothesis, it has been
demonstrated that glyphosate dose-dependently inhibits aromatase activity in human
embryonic 293 and placental-derived JEG3 cells 44.

Furthermore, the higher intratesticular testosterone concentrations in the GLY-
F1 group seem to contrast with the reduced epithelial height and lower number of
spermatozoa in the cauda epididymis. However, although testosterone is important
for spermatogenesis, its effect on this mechanism depends on the interaction of

testosterone with androgen receptors (AR) in Sertoli cells #°. Interestingly, a previous
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study demonstrated that the glyphosate-ROUNDUP® formulation displayed a greater
inhibition of the actions of AR, than glyphosate alone, in HepG2 cells 6. As such, our
data indicate that the higher intratesticular testosterone concentrations may be due to
increased LH plasma concentrations in GLY-F1 mice. However these enhanced
intratesticular androgen levels fail to induce a compensatory increase in
spermatogenesis to levels observed for CTL-F1 mice, suggesting that GLY-F1 testes
present androgen resistance in Sertoli cells, due to compromised programming
following maternal exposure to glyphosate.

In summary, our results demonstrate that maternal exposure to 0.5% glyphosate-
ROUNDUP® Original DI, during pregnancy and lactation, delays puberty onset in
male F1 offspring. Furthermore, maternal glyphosate exposure disrupts the
hypothalamus-pituitary-testicular axis, enhancing LH secretion and increasing
intratesticular testosterone concentrations, in an attempt to compensate the lower
androgen activity and spermatogenesis in GLY-F1 mice. These findings indicate that
glyphosate is an endocrine disruptor that may increase the risk of male infertility
when individuals are exposed to this compound during critical moments of

development.
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Table 1. Effects of glyphosate exposure during pregnancy and lactation on general

maternal characteristics.

CTL GLY P-value
(n=11) (n=9)
Body weight gain in pregnancy 10.89 +0.8 8.13 + 0.4* 0.0089
(9)
Body weight at weaning (g) 26.00 £ 0.7 21.56 £ 0.7* 0.0007
Days of pregnancy 19.55+0.3 19.56 £ 0.2 0.8772
Litter size 6.30+ 0.5 5.10£0.5 0.1088

Data are means = SEM. *P < 0.05 versus CTL (Student’s t-test).
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Table 2: Effects of glyphosate on biometric nutritional parameters and fasting

plasma biochemical parameters in F1 offspring male mice at 150 days of age.

CTL-F1 GLY-F1 P-value
(n=11) (n=6)
Body weight (g) 24.92 + 0.4 2340+0.1 0.1235
Body weight gain (g) 449+0.5 3.63+0.6 0.2760
Nasoanal length (cm) 9.20£0.1 8.90+0.1 0.1927
Glucose (mg/dL) 108.60 £ 6.3 92.30+2.0 0.0934
Total cholesterol 91.17+1.8 9458 +1.7 0.2005
(mg/dL)
Triglycerides (mg/dL) 101.30£6.2 116.20 £ 12.3 0.2577

Data are means £ SEM. Mann-Whitney U-test and Student’s t-test.



Table 3: Effects of glyphosate on pubertal parameters and weight of reproductive

organs of F1 offspring male mice at 150 days of age.

CTL-F1 GLY-F1 P-value
(n=11) (n=6)

Pubertal parameters

Age at testis descent (days) 29.20+0.9 34.20 £ 0.2* 0.0079
Body weight (BW) at testis 12.42+0.3 11.96 £ 0.3 0.3671
descent ()

Reproductive parameters at adulthood

Testis (Mg) 1046+41  107.4+3.1 0.9250
Testis in mg/100g BW 4199+151 461.6+122  0.0629
Epididymis (mg) 33.1+0.7 34.3+2.3 0.5193

Epididymis in mg/100g BW 133.8+1.9 1553+105  0.0829

Vesicle seminal (mg) 169+1.3 154+15 0.4756
Vesicle seminal in mg/100g 68.8 £5.3 70.2+8.2 0.9990
BW

Prostate (mg) 0.68+0.1 0.78 +0.1 0.4035
Prostate in mg/100g BW 28+0.3 3.6+05 0.1820

Data are means + SEM. Mann-Whitney U-test and Student’s t-test.
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Figure legends

Figure 1: Adult female and male C57BI/6 mice were mated, and pregnancy
confirmed. Pregnant female mice consumed a standard rodent diet, in association
with 0.5% glyphosate (GLY group) diluted in drinking water, or filtered water only
[control (CTL) group], from the 4™ day of gestation until the end of lactation period. At
30 days of age, the CTL and GLY offspring were weaned. Male F1 offspring were
designated, in accordance with their maternal treatments as: CTL-Fland GLY-F1.
From 30-150 days of age, F1 offspring had free access to standard rodent chow and

filtered water.

Figure 2: Maternal glyphosate exposure reduces the spermatozoa reserve in the
cauda epididymis and epithelial height of seminiferous tubules in F1 male offspring.
Means + SEM of the sperm count in the caput/corpus and cauda epididymis (a) in
150-day-old CTL-F1 (n = 10) and GLY-F1 (n = 7) male mice. (b) Means + SEM of
tubule diameter, epithelial height and luminal diameter of the seminiferous tubules of
150-day-old CTL-F1 and GLY-F1 male mice. Representative histological sections
stained with hematoxylin and eosin; seminiferous tubules (c) of 150-day-old CTL-F1
(n =5) and GLY-F1 (n = 5) male mice. Asterisk = lumen. Ep = epithelium. Arrowhead
= interstice. Scale bars = 50 uym. In all experiments the "n" was reached using only
one male F1 offspring from each litter of the maternal experimental groups. *P < 0.05
versus CTL-F1 (Mann-Whitney U-test, with the exception of spermatozoa counts,

which were compared using Student’s t-test).
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Figure 3: Maternal glyphosate exposure increases intratesticular testosterone
concentration, due to an enhancement in pituitary and circulating levels of LH in F1
male offspring.

Means = SEM of intratesticular (a) and plasma (b) testosterone concentrations, and
LH and FSH plasma concentrations (c) in 150-day-old CTL-F1 (n = 8-11) and Gly-F1
(n = 5-8) male mice. Protein content of B subunit of LH in the pituitary of 150-day-old
CTL-F1 (n = 8) and Gly-F1 (n = 5) male mice. In all experiments the "n" was reached
using only one male F1 offspring from each litter of the maternal experimental
groups. *P < 0.05 versus CTL-F1 (Mann-Whitney U-test, with exception of LH and

FSH data, which were compared using Student’s t-test).
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ANEXO A - Parecer de Protocolo do CEUA

Undweraideds Briudual do Ouste do Parond

Pro-Reitoria de Pesquisa e Pos-Graduagdo
Comité de Etica no Uso de Animais - CEUA

PARECER DE PROTOCOLO

O protocolo intitulado “Efeito da exposigdo perinatal ao glifosato em
camundongos fémeas sobre a homeostase glicémica e hepatica da prole
adulta®, sob vossa coordenagdo, foi avaliado pelo CEUA como
APROVADO para execucéo.

ATENGAO!

O Certificado Expérimental deste Protocolo, somente serd emitido
apbs o encerramento das atividades previstas e ap6s 0 encaminhamento
do Relatério Final ac CEUA. Este Parecer NAO tem valor como Certificado

Experimental.

Cascavel, 16/09/2016 .~

e

e
o

Coordenadot Suplente do CEUA
Portdria n° 3730/2016 - GRE
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ANEXO B — Normas da revista cientifica
JOURNAL OF DEVELOPMENTALORIGINS OF HEALTH AND DISEASE
INSTRUCTIONS TO AUTHORS

Mission Statement

Journal of Developmental Origins of Health and Disease (J DOHaD) is the official
scientific journal of the International Society for Developmental Origins of Health and
Disease (DOHaD).

JDOHaD publishes leading research in the field of Developmental Origins of Health
and Disease (DOHaD). The Journal focuses on the environment during early pre-
natal and post-natal animal and human development, interactions between
environmental and genetic factors, including environmental toxicants, and their
influence on health and disease risk throughout the lifespan. JDOHaD publishes
work on developmental programming, fetal and neonatal biology and physiology,
early life nutrition, especially during the first 1,000 days of life, human ecology and
evolution and Gene-Environment Interactions. JDOHaD also accepts manuscripts
that address the social determinants or education of health and disease risk as they
relate to the early life period, as well as the economic and health care costs of a poor
start to life. Accordingly, JDOHabD is multi-disciplinary, with contributions from basic
scientists working in the fields of physiology, biochemistry and nutrition,
endocrinology and metabolism, developmental biology, molecular biology/
epigenetics, human biology/ anthropology, and evolutionary developmental biology.
Moreover clinicians, nutritionists, epidemiologists, social scientists, economists,
public health specialists and policy makers are very welcome to submit manuscripts.
The journal includes original research articles, short communications and reviews,
and has regular themed issues, with guest editors; it is also a platform for

conference/workshop reports, and for opinion, comment and interaction.

Categories of papers
Original research articles - This category is intended for full-scale basic, clinical or
epidemiological studies including large controlled trials. Articles may contain up to

5,000 words (not including references, figures and tables) and should include an
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abstract of up to 250 words and 3-5 key words. (Exceptions to the length limitation
will be considered for unusually large or complex studies.)

Brief reports - This category is for smaller, self-contained laboratory or clinical studies
or analyses. Papers in this category may contain up to 2,500 words (not including
references, figures and tables) and should include a maximum of 25 references, up
to 2 illustrations (figures or tables), an abstract of up to 150 words and 3-5 key
words.

Rapid communications - This category is for ‘fast-breaking' new work, which is of
great potential interest and can be succinctly presented.

Authors who wish to submit a rapid communication must first send an abstract to the
Editor in

Chief, Michael Ross (DOHaDeditor@cambridge.org) for approval of submission in
this category. Submissions that do not have prior approval will be reviewed on the
regular track.

Papers in this category may contain up to 2,500 words (not including references,
figures and tables) and should include a maximum of 25 references, up to 2
illustrations (figures or tables), an abstract of up to 150 words and 3-5 key words.
Rapid communications will be reviewed and

published on a “fast track” basis.

Reviews — J DOHaD will publish scholarly, comprehensive reviews that summarize
and critically evaluate research in the field addressed and identify future implications.
Reviews will be invited by the Editors but may also be submitted. Authors wishing to
submit papers in this category are advised to contact either the Editor-in-Chief or
appropriate Associate Editor before doing so. Reviews may contain up to 5,000
words (not including references, figures and tables) and should include an abstract of
up to 250 words and 3-5 key words. (Exceptions to the length limitation will be
considered if justified by the scope of the Review).

Focus Papers — These papers focus attention on a research paper published in the
same issue in the journal. Focus Papers should highlight, discuss and amplify the
issues addressed in the research paper adding perspectives derived the author’s
own work and the literature and should consider the implications of the findings.
Focus papers need not necessarily agree with the paper they address. Focus Papers
may contain up to 1500 words (not including references, figures and tables) and 3-5

key words. No abstract is needed. Focus Papers are invited by the Editor-in-Chief.
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Letters to the Editor - Letters are invited that discuss or comment on papers
published in J DOHaD. They should not, however, be used as a means of publishing
new work. Letters should have no more than 10 references and should not contain
figures or tables. Acceptance will be at the discretion of the Editorial Board, and
editorial changes may be required. Wherever possible, letters from responding

authors will be included in the same issue.

Papers in all categories, whether invited or submitted, will be peer reviewed.

Clinical Trials

As a condition of consideration for publication, registration of clinical trials in a public
trials registry is required. A clinical trial is defined by the International Committee of
Medical Journal Editors (in accordance with the definition of the World Health
Organisation) as any research project that prospectively assigns human participants
or groups of humans to one or more health-related interventions to evaluate the
effects on health outcomes. Trials must be registered before the start of patient
enrollment. The registry must be accessible to the public at no charge. It must be
open to all prospective registrants and managed by a not-for-profit organization.
There must be a mechanism to ensure the validity of the registration data, and the
registry should be electronically searchable. An acceptable registry must include at
minimum a unique trial number, trial registration date, secondary identification
information if assigned by sponsors or others, funding source(s), primary and
secondary sponsor(s), responsible contact person, research contact person, official
scientific title of the study, research ethics review, the medical condition being
studied, intervention(s), key inclusion and exclusion criteria, study type, anticipated
trial start date, target sample size, recruitment status, primary outcome, and key
secondary outcomes. Registration information must be provided at the time of
submission. Trial registry name, registration identification number, and the URL for

the registry should be included at the end of the abstract.

Originality and copyright
To be considered for publication in J DOHaD, a manuscript cannot have been
published previously, nor can it be under review for publication elsewhere.

(Previously published figures may be sparingly used in Reviews, with appropriate
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permission.) The posting of a brief summary of clinical trial outcomes on a
pharmaceutical website (such as the PhRMA-sponsored database
www.clinicalstudyresults.org) will not necessary count as prior publication nor impede
full consideration of a manuscript: J DOHaD will look at this on a case-by-case basis
to determine the extent of overlap between the trial data posted and the manuscript
as submitted, and will decide whether the manuscript contains a sufficiently new
perspectives or sufficient additional data for it to count as original. Authors should
declare when submitting manuscripts that such data have already been posted and J
DOHabD will review this sympathetically.

Papers with multiple authors are reviewed with the assumption that all authors have
contributed materially to the research reported, have approved the submitted
manuscript and concur with its submission to J DOHaD. A Copyright Transfer
Agreement, with certain specified rights reserved by the author, must be signed and
returned to the Editor by the senior author of accepted manuscripts (Signing on
behalf of all the other authors), prior to publication. This is necessary for the wide
distribution of research findings, and the protection of both author and the
International Society for Developmental Origins of Health and Disease under

copyright law.

Authorship

All individuals included as authors of papers must have contributed substantially to
the scientific process leading up to the writing of the paper. Such contribution
includes the conception and design of the project, the performance of experiments
and the analysis and interpretation of data. In addition the author should have made
a substantial contribution to drafting or critical revision of the manuscript for important
intellectual content.

We are aware that authors sometimes receive assistance from technical writers,
language editors and/or writing agencies in preparing manuscripts for publication.
Such assistance must be noted in the cover letter and in the Acknowledgements
section along with a declaration that the author(s) are entirely responsible for the
scientific content of the paper.

Failure to acknowledge assistance from technical writers, language editors and/or
writing agencies in preparing manuscripts for publication in the Acknowledgements

section may lead to disqualification of the paper.
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Under no circumstances will J DOHaD accept submissions by writing or editorial
agencies on behalf of authors and there will be no correspondence with writing or

editorial agencies regarding submitted or revised manuscripts.

Manuscript submission

All manuscripts must be submitted online via the website:
http://mc.manuscriptcentral.com/dohad

Detailed instructions for submitting your manuscript online can be found at the
submission website by clicking on the ‘Instructions and Forms’ link in the top right of
the screen; and then clicking on the ‘Author Submission Instructions’ icon on the
following page.

The Editor-in-Chief will acknowledge receipt of the manuscript, provide it with a
manuscript reference number and assign it to an Associate Editor and to reviewers.
The reference number

of the manuscript should be quoted in all correspondence with the J DOHaD Office

and Publisher.

Initial Submission

The following instructions must be followed carefully:

* The preferred file format for submission is Microsoft Word; however you can also
submit Adobe Acrobat (.pdf) files readable with Acrobat Reader. The tables and
figures should be included in the same file.

*Word Perfect or other word-processor files or Macintosh-based files are not
acceptable.

* Tables should be placed at the end of the document and not within the text.

* Do not use “enter” in order to start a new page. “Hard” page or section breaks must
be used.

* A cover letter should be attached as a separate file. In the cover letter, the category
under which the manuscript is submitted should be indicated and the corresponding
author identified, including phone number, fax number and electronic mail address.
The cover letter must include a statement regarding authorship (see Authorship
section above).

* File-names should indicate the name of the first author of the paper or an

abbreviated version thereof and the content of the file (text, tables, figures).
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* Printed copies of the manuscript, tables and figures are not required and should not
be sent.

Please note that correspondence regarding submitted and revised manuscripts will
be with the

Corresponding Author only.

Revised\Final Submission

» The uploaded manuscript must be in the form of a Word for Windows file with
figures (prepared as instructed below) in separate files. Word Perfect or other word-
processor files or Macintosh-based files are not acceptable.

* Do not use “enter” in order to start a new page. “Hard” page or section breaks must
be used.

* Figures should be prepared using appropriate formats and saved as TIFF or JPEG
files. It is essential that JPEGs are greater than 320dpi. PowerPoint files or figures
“pasted” intoWord files are not acceptable for revised or final submissions.

* File names should indicate the manuscript number assigned by the journal and the

content of the file (text, figures).

Review process

Manuscripts submitted to J DOHabD including those for supplements will be reviewed
by at least two external reviewers and evaluated by an Associate Editor. Authors are
requested to suggest up to 4 reviewers who are especially qualified to referee the
work and would not have a conflict of interest. Please provide the names, email
addresses, fax numbers and mailing addresses of the suggested reviewers. If
authors would prefer that a particular reviewer(s) not evaluate the paper, they may
indicate this request with appropriate justification, which will be treated confidentially.
Suggestions and requests regarding reviewers will be considered by the Editor

without obligation to accept them.

Authors should note that manuscripts may be returned after initial review by the
Editors if the paper is deemed unlikely to be reviewed favorably. This rapid rejection
process enables the author to submit promptly for publication elsewhere.

Every effort will be made to provide the author with a review within 6 weeks of receipt

of the manuscript. If the Editor requests that revisions be made to a manuscript
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before publication, a maximum of 3 months shall be allowed for preparation of the

revision, except in unusual circumstances.

Manuscript preparation and style

The manuscript should be typed double-spaced throughout on 'Letter' or A4 paper.
Pages should be numbered sequentially beginning with the Title Page. Margins
should not be less than

2.5cm on all sides and the font should be clearly legible and uniform throughout.

A Short Title of up to forty-five characters should be provided on the title page and
should be repeated at the top right of every following page. The names of the authors
(e.g. Smith et al. or Smith and Jones) should be given at the top left of every page

besides the title page.

The Abstract should be unstructured (i.e., no sub-headings) but must provide the
reader with a self-contained summary of the paper. It should include a brief
introduction to the paper, the method, the key findings, and the conclusions. A list of
3-5 key words or terms for indexing should follow the abstract.

The Body of the Manuscript should begin on page 3. For Regular Original Articles,
Brief Reports, the formal should include: Introduction, Method, Results, Discussion
and Acknowledgements. These should be followed on a new page by the

References.

Tables should be consecutively numbered as they appear in the text (Table 1, etc.).
Each Table should be typed on a separate sheet with the Table number and heading

above and any note below.

Figures should be consecutively numbered as they appear in the text (Figure 1, 2
etc). Use italic letters for parts a, b, c etc. Use abbreviation (Fig), except where
starting a new sentence. Legends should be provided for each Figure. Scale bars
should be added to photomicrographs and other similar images. Figures (scale bars,

pie charts, etc) should be presented in two dimensions only.
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All figures submitted to Journal of Developmental Origins of Health and Disease will

be published in colour on Cambridge Journals Online free of charge.

How to Ensure Colour Online

To maximize the probability that figures will be published in colour, authors are
encouraged to follow these figure submission guidelines:

» Submit a colour graphic as either TIFF or EPS files

» Submit figures at approximately the size at which they are to reproduce so that
reduction or enlargement is not necessary.

* Line artwork should be supplied in black and white mode at a resolution of 1200 dpi;
combination artwork (line/tone) at a resolution of 800 dpi; black and white halftone
artwork should be saved in ‘grayscale’ mode at a resolution of 300dpi; colour halftone
artwork should be saved in CMYK mode at a resolution of 400 dpi.

« Submit multipart figures in one single electronic file.

Author Requirements

It is not necessary for authors to indicate that a figure should be displayed in colour.
CUP will assume that any author who submits figures in colour wants and agrees to
their being produced in colour online. It is the author’s responsibility to declare
otherwise. Colour figures must be submitted before the paper is accepted for
publication, and cannot be received later in the process.

Exceptions to Free Colour:

* Colour figures submitted to Journal of Developmental Origins of Health and Disease
will be published in colour free of charge with the following exceptions:

* The colour figure file is deemed unusable due to production standards or poor
colour quality and must be converted to black and white.

» The author gives explicit instructions to convert the colour figure to black and white.

What to Expect

Authors will see these colour figures when viewing their author page proofs on
screen. Authors will NOT be allowed to submit colour figures to replace black and
white figures in the page proof stage.

The use of Abbreviations, except those that are widely used, is strongly

discouraged. They should be used only if they contribute to better comprehension of
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the manuscript. Acronyms should be spelled out at first mention. Metric system (SI)
units should be used.

J DOHaD encourages submissions from all over the world. Authors who are not
fluent in written

English are encouraged to seek assistance in this regard before submitting their

manuscripts.
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agency, commercial or not-for-profit sectors.”

The Financial Support statement should be placed after the Acknowledgements and
before the Conflicts of Interest section. Papers that do not include a Financial

Support statement will not be reviewed.
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authors of a paper and to all categories of papers including letters to the editor.
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Ethical Standards

Where research involves human and/or animal experimentation, the following
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human and/or animal experimentation that do not contain an Ethical Standards
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statement will not be reviewed. For more information on the ethical standards and
procedures of Cambridge Journals, please visit Cambridge Journals Online.

The requirements of DOH are in accordance with the Uniform Requirements for
Manuscripts Submitted to Biomedical Journals produced by the ICMJE, and authors
are encouraged to consult the latest guidelines, which contain useful, general
information about preparing scientific papers.

For more specialised instances of the type of trials used in your paper, please see

more specific guidelines below.

Animal studies
For studies involving laboratory animals, authors should consult the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines

(http://www.nc3rs.org.uk/arrive-guidelines).

Systematic Review/Meta-Analyses

For systematic reviews and meta-analyses, authors should consult the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement
(www.prisma-statement.org/). This policy includes all systematic reviews, including
those for observational studies.

Randomised trials
For reporting results of randomised trials, authors should consult the CONSORT
Statement (http://www.consort-statement.org/), which is an evidence-based,

minimum set of recommendations for reporting randomized trials.

Supplemental on-line material

The online platform gives authors the opportunity to include data that would be
impossible or impractical to include in the printed version. These data might
substantially enhance the importance of the research and might also be of benefit to
readers. Authors may include tables and figures as well as data such as videos, 3-D
structures/images, extensive datasets and any other supplementary material not
suitable for print duplication. All supplementary material must be submitted with the

original manuscript. Supplementary data should be referred to in the text with the
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prefix "S" (e.g. Supplementary Table S1, Supplementary Figure S1). Supplementary
files will not be copy-edited, and will be published as supplied.
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The publisher reserves the right to copy-edit manuscripts. The corresponding author
will receive page proofs for final proofreading. These should be checked and
returned within 2 days of receipt. The publisher reserves the right to charge authors

for excessive correction of non- typographical errors.
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Cambridge Language Editing Service

Cambridge recommends that authors have their manuscripts checked by an English
language native speaker before submission; this will ensure that submissions are
judged at peer review exclusively on academic merit.We list a number of third-party
services specialising in language editing and / or translation, and suggest that
authors contact as appropriate. Use of any of these services is voluntary, and at the
author's own expense.
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