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Resumo

A maca ( Lepidium meyenii) € uma planta que cresce acima dos 4000 metros nos
Andes Central do Peru e possui diferentes variedades de acordo com a cor do
hipocétilo.De acordo com a populagéo, suas propriedades medicinais estdo conectadas a
fertilidade e a vitalidade. Além dos efeitos benéficos relacionados a salde sexual, a
maca também vem sendo largamente utilizada por aqueles que desejam emagrecer de
forma natural e saudavel. Entretanto, ha poucos estudos cientificos validando estes usos.
O presente estudo teve como objetivo avaliar os efeitos do extrato aquoso da maca sobre
a reproducdo, utilizando o Caenorhabditis elegans como modelo experimental.
Adquiriu-se a maca peruana do comércio local, do qual se obteve um extrato aquoso.
Osanimaisforam tratados e mantidos a 20 °C em NGM (meio de crescimento para
nematoides), semeados com Escherichia coli OP50. Os Vermes (2000) foram expostos
ao extratoaquoso de maca em diferentes concentragdes (41,25; 123,75; 247,5; 330ug/pl)
no estagio larval L1, durante 30 minutos em meio liquido contendo M9 e livre de
bactéria. As analises de sobrevivéncia e de toxicidade reprodutiva (postura de ovos,
ovos por verme) foram realizadas, em placas NGM/E. coli, 48h ap6s o tratamento. Os
ensaios bioquimicos foram realizados utilizando um homogeneizado dos tratamentos e
Kits comerciais. A analise estatistica foi obtida pela ANOVA de uma via seguida de
multiplas comparagdes com post teste de Tukey. Os resultados mostraram que a maca
causou uma reducdo na sobrevivéncia em todas as concentraces. Além disso, o extrato
causou uma diminuicao significativa no tamanho da ninhada. Nossos resultados também
mostram que o extrato da maca causou alteracdes no perfil lipidico e na expressdo de
vitelogeninas e interferiu de forma acentuada no equilibrio fisiolégico da linhagem
germinativado sistema reprodutor do verme. Com isso, conclui-se que a utilizacdo do
extrato da maca peruana, nestas concentracdes em C. eleganstem efeitos contrarios aos
efeitos atribuidos e esperados desse vegetal, ja que a maca é utilizada em virtude dos

seus supostos beneficios sobre a vitalidade e fertilidade.

Palavras-Chave:  Lepidium  meyenii, reproducdo, vitelogeninas, apoptose,

Caenorhabditis elegans.



Abstract

Maca (Lepidium meyenii) is a plant that grows above 4000 meters in the Central
Andes of Peru and has different varieties according to the color of the hypocotyl.
According to the population, its medicinal properties are connected to fertility and
vitality. Besides the beneficial effects related to sexual health, maca has also been
widely used by those who wish to lose weight naturally and healthy. However, there are
few scientific studies validating these uses. The objective of the present study was to
evaluate the effects of aqueous extract of maca on reproduction, using Caenorhabditis
elegans as an experimental model. The Peruvian maca from local commerce was
obtained, from which an aqueous extract was obtained. The animals were treated and
maintained at 20 ° C in NGM (nematode growth medium), seeded with Escherichia coli
OP50. The worms (2000) were exposed to maca extracts at different concentrations
(41.25, 123.75, 247.5, 330 pg / ul) in the L1 larval stage for 30 minutes in liquid
medium containing M9 and free of bacteria. Survival and reproductive toxicity analyzes
(egg laying, eggs per worm) were performed on NGM / E plates. coli, 48h after
treatment. Biochemical assays were performed using a homogenate of the commercial
treatments and kits. Statistical analysis was obtained by one-way ANOVA followed by
multiple comparisons with Tukey's post-test. The results showed that maca caused a
reduction in survival at all concentrations. In addition, the extract caused a significant
decrease in litter size. Our results also show that the maca extract caused alterations in
the lipid profile and expression of vitellogenins and interfered in a marked way in the
physiological balance of the germinated lineage of the worm reproductive system.
Therefore, it is concluded that the use of the extract of Peruvian maca in these
concentrations in C. elegans has effects contrary to the attributed and expected effects of
this vegetable, since maca is used because of its supposed benefits on vitality and

fertility.

Key words: Lepidium meyenii, reproduction, vitellogenins, apoptosis, Caenorhabditis

elegans.
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1. Introducgéo

As terapias a base de plantas para disfuncdo sexual em machos e fémeas
incluem Ginkgo(Ginkgo biloba ), ginseng vermelho (Panax ginseng) [1,2] e
ioimbina ( Pausinvstalia vohimbe ), que possui efeitos adversos graves [1, 3,
41 . Vérias outras terapias botanicas para disfuncdo sexual também foram introduzidas
[1,3,5]. Estes também sdo frequentemente utilizados para melhorar a fungédo sexual

em individuos saudaveis.

Dentre as espécies utilizadas, estd a Lepidium meyenii (Maca peruana), uma
planta da familia Brassicaceae que cresce entre 4.000 e 4.500 metros acima do nivel do
mar nos Andes Centrais peruanos, particularmente em Junin e Pasco. A maca cresce
nesses locais na faixa de temperaturas de um maximo de 12 ° C a um minimo de 1,5 °
C. Esta gama de temperaturas ocorre nos Andes Centrais devido a sua proximidade com
0 equador. Por essa razdo, a maca nao cresce bem nos Andes do Sul peruanos, onde a
temperatura é mais baixa com geadas frequentes [6]. Algumas evidéncias cientificas
mostraram que a maca tem propriedades nutricionais, energéticas e favoraveis a
fertilidade, e atua sobre disfungdes sexuais, osteoporose, hiperplasia prostatica benigna,
memoria e aprendizado, metabolismo de lipidios e glicose e protege a pele contra a
radiacdo ultravioleta [ 7 - 8].

Existem inimeros estudos visando avaliar os possiveis efeitos benéficos dos
extratos nutracéuticos e para este estudo escolhemos o modelo Caenorhabditis elegans.
O Caenorhabditis elegans € um nematoide de vida livre, encontrado no solo rico em
matéria organica. Experimentalmente, tem a vantagem de ser um animal simples, com
sistemas nervoso, reprodutivo e digestivo presentes em um pequeno verme (0S vermes
adultos tém um comprimento de ~ 1,2 mm). Outras vantagens incluem ciclo de vida
répido e vida util curta, que sdo relevantes para investigacdes de vida util [ 9, 10 ];a
translacdo dos resultados observados em vermes para mamiferos, que se deve a alta
homologia genética entre humanos e C. elegans (cerca de 70%) €& muito relevante em
toxicologia e farmacologia. Depois do periodo embrionério eles se desenvolvem atraves
de quatro estagios larvais, a partir de L1 a L4. Vermes adultos hermafroditas podem
produzir até 300 descendentes durante o periodo de reproducdo e o ciclo de vida do C.

elegans é relativamente curto. Possui 1mm de comprimento, corpo transparente o que



possibilita a visualizagdo microscopica do animal vivo. Outra vantagem também
identificada é o grande potencial para analises génicas por meio de cepas transgénicas.
Vérios estudos fornecem evidéncias de que este verme responde ap0s a exposi¢do a
varios compostos naturais com aumento da resisténcia ao estresse e/ou até mesmo a

estendendo a vida util [11].

Notavelmente, pouco se sabe sobre os mecanismos pelos quais a maca afeta a
reproducdo. Para abordar esta questdo, avaliamos o nimero de progénie, bem como 0s
efeitos do extrato sobre pardmetros relacionados a reproducdo , avaliando os niveis de
proteinas da vitelogenina, através da fluorescéncia GFP, as células germinativas e o

perfil lipidico.

2. Objetivo

2.1 Objetivo geral

O presente trabalho teve como objetivo geral avaliar a toxicidade e os efeitos do
extrato aquoso de maca peruana (Lepidium meyenii) sobre parametros relacionados a

viabilidade e reproducdo em Caenorhabditis elegans.

2.2 Objetivos especificos

-Determinar os efeitos per se do extrato do tubérculo sobre a sobrevivéncia e

reproducdo em C. elegans;

-Avaliar os efeitos do extrato sobre o perfil lipidico em C. elegans, contemplando os

niveis de triglicérides, peroxidacdo lipidica e vitelogeninas;

- avaliar os efeitos do extrato de maca sobre a linhagem germinativa de C. elegans.

3. Revisdo Bibliografica

3.1 Maca peruana e Funcéo sexual



Problemas sexuais (ou disfuncdes sexuais) sdo generalizados e afetam
negativamente o humor, o bem-estar e as relagdes interpessoais [ 12 ]. Eles ocorrem em
20% -30% dos homens e 40-45% das mulheres de acordo com 18 estudos
epidemioldgicos descritivos de todo 0 mundo [ 13 ]. A maioria dos problemas sexuais
relaciona-se com o desejo sexual (interesse sexual) tanto em mulheres quanto em
homens e disfuncdo erétil masculina (ED) [ 13]. As intervencbes farmacoldgicas atuais
para 0 manejo de problemas sexuais incluem farmacos orais, terapias intra-penetrais
(supositorios intra-uretrais e injecdes intracavernosas), implante de protese peniana para
homens e terapia hormonal para mulheres. Embora tenham sido feitos avangos
consideraveis, o tratamento ideal para ED ndo foi identificado. O tratamento para
problemas sexuais nas mulheres também é problemaético, ja que envolve varios fatores
emocionais, financeiros entre outros [ 14]. Além disso, demonstrou-se que 0S
tratamentos farmacologicos resultam em varios efeitos adversos, incluindo risco de
cancer, dor de cabeca, rinite e dispepsia [ 15,16,17 ]. Por estes motivos, terapias com
uso de produtos naturais tem sido buscadas.

A maca peruana ( Lepidium meyenii ) é uma planta andina que pertence a familia
Brassicaceae (mostarda). A maca tem sido usada ha séculos nos Andes para aumentar a
fertilidade em seres humanos e animais [ 6, 7 ]. As preparac6es desse tubérculo foram
relatados para melhorar a funcdo sexual em populagdes saudaveis [18]. Embora a maca
seja uma planta e ndo uma substancia ativa isolada, ela é uma das mais citadas na rede
mundial para a melhoria do desejo sexual. A hipo6tese de que a maca pode ser eficaz na
melhoria da funcdo sexual é suportada por varias linhas de evidéncia. Experimentos
com animais sugerem que a maca tem atividades espermatogénicas e favoraveis a
fertilidade, provavelmente devido aos fitoesterdis ou fitoestrdgenos presentes na maca
[19]. Vérios estudos in vivo mostraram que a maca pode melhorar o comportamento
sexual e aumentar os efeitos semelhantes aos androgenos em ratos [ 20, 21 ]. Ensaios
clinicos recentes também sugeriram efeitos significativos da maca para aumentar a
contagem e motilidade de espermatozoides e melhorar a fungdo sexual em seres
humanos [ 22, 23 ]. Os ingredientes bioativos potenciais na maca incluem macaridina,
macamidas, macaene, gluosinolatos, alcaldéides de maca e nutrientes de maca
[19]. Contudo, estes dados sdo insuficientes para determinar se a maca é clinicamente

eficaz. Atualmente, nenhuma revisao sistematica deste assunto esta disponivel.
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Tradicionalmente, os hipocotilos desta planta sdo usados principalmente como
nutrientes e para aumentar a fertilidade [24]. O hipocétilo é a parte comestivel da planta
e é caracterizada por suas propriedades nutricionais e medicinais [25]. Embora muitas
tentativas tenham sido desenvolvidas para cultivar esta planta em outros lugares,
incluindo o uso das mesmas sementes dos Andes Centrais peruanos, o tamanho do
hipocétilo ndo se assemelha ao nativo peruano. Essas abordagens foram descritas para
os Estados Unidos, Alemanha, Republica Tcheca [26] e, mais recentemente, na China
[27]. Diferentes variedades de maca foram descritas de acordo com a cor dos seus

hipocatilos.

3.2 Caenorhabditis elegans

O Caenorhabditis elegans ¢ um nematoide de vida livre, habitante dos locais
onde ha matéria organica e comum em todo o mundo, o qual tem sido amplamente
usado como organismo modelo para os mais diversos tipos de pesquisas [28,29]. O C.
elegans pode proliferar-se em varios tipos de material vegetal em decomposi¢do como,
por exemplo, em frutas [30]. O C. elegans foi o primeiro animal multicelular a ter seu
genoma completamente sequenciado. E um excelente organismo modelo para estudos
de biologia do desenvolvimento (embriologia), pois é pequeno, de facil criagdo, com
ciclo de vida curto (de ovo a adulto em aproximadamente quatro dias), apresenta poucas

células e sua manipulagédo genética é relativamente simples [31].

Muitos sdo os atributos experimentais que tornam o C. elegans um modelo
animal tdo bem sucedido e com um nimero cada vez maior de publica¢gdes em biologia
do desenvolvimento, genética, envelhecimento e de ecotoxicologia [32]: apresenta
pequeno comprimento (aproximadamente 1mm), o que possibilita a facil manutencédo de
grandes quantidades de espécimes (10000 vermes/placa) em placas de petri contendo
NGM (Nematode Growth Media) semeadas com E. coli; grande capacidade reprodutiva,
pois um hermafrodita gera entre 200 e 300 descendentes; ja quando um macho (0,02%
da populagdo) cruza com um hermafrodita este nimero pode passar de 1000 [33];
apresenta curto ciclo de vida, de aproximadamente 21 dias, possibilitando a execugéo de
estudos relacionados a longevidade em um espago temporal praticamente impraticavel
em modelos mamiferos classicos; possibilita inUmeras possibilidades relacionadas a
geneética, ja que cerca de 60% dos genes do C. elegans possuem homologos em

mamiferos [34], além do grande suporte e trabalho em conjunto de varios laboratorios
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espalhados pelo mundo para a criacdo, manutencdo e ampliacdo de bases de dados,
como o WormBook, e armazenamento e distribuicdo gratuita de cepas mutantes e/ou
transgénicas, como o CGC (Caenorhabditis Genetics Center).

Apos o desenvolvimento embrionério dos C. elegans, o ovo eclode e liberta um
jovem verme denominado larva L1, o qual se desenvolve por mais trés sucessivas fases
larvais (L2, L3 e L4) até chegar a fase adulta [32].

Adult
young adult
oo «f
e / . -.
! L4 larva
/‘\ embryonic .
development ¥
several months
14 hr

'[ Dauer larva

L3 larva \3 hr /

/"\‘-__...-- — Predauer (L2d)

crowding t low food /
8 hr N
AN L1 larva

L2 larva 12 hr

Figura 1: Representacdo esquematica do ciclo de vida do C. elegans: o ciclo de vida
compreende as seguintes fases: ovo, larva (quatro estagios: L1, L2, L3, L4) e adulto.
Dentro do ovo, o embridose desenvolve rapidamente, dando origem a primeira forma
larvaria (L1) que eclode do ovo depois de aproximadamente 14 horas. Apos a eclosao, o
animal vai crescendo e se desenvolvendo, passando pelos 4 estagios larvarios. Em 4
dias o animal chega a fase adulta. Eventualmente, sob condi¢des adversas, pode ocorrer
uma forma larval resistente chamada de Dauer (“permanente”) que pode permanecer
quiescente, sem se alimentar, por cerca de 3 meses. Porém, apds encontrar condigdes

adequadas, a larva Dauer se desenvolve direto para a fase L4 e continua o ciclo de vida.

Os adultos podem ser machos (muito raros) ou hermafroditas, sendo esses
ultimos os que liberam ovos fertilizados. Os ovos podem ser fertilizados
por autofecundacdo ou por fecundacdo cruzada. No caso da autofecundacéo,
0s espermatozoides produzidos pelo hermafrodita na fase L4 sdo armazenados na

espermateca e depois sdo liberados para fecundar os o6citos que sdo produzidos ao
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longo da vida do animal [33]. No caso da fecundagdocruzada, os espermatozoides
liberados pelo verme macho tém preferéncia sobre os espermatozoides produzidos pelo
hermafrodita para fecundar os odcitos [34]. Apds a fecundacdo, os embriGes sdo

liberados no ambiente por meio de ovos, recomecando o ciclo de vida.

Particularmente para estudos de toxicologia reprodutiva, quando se estuda a
linhagem germinativa, esse modelo oferece a possibilidade de diversos ensaios. Em C.
elegans, as células germinativas sdo um tecido Unico devido a trés fatores
importantes. Como em todos 0s metazoarios, as células germinativas de C. elegans séo
pluripotentes e imortais, na medida em que dao origem a todos os tipos de células na
préxima geracdo e também produzem todas as geracfes subseqlientes. Em segundo
lugar, a linha germinal é o Unico tecido adulto que é mantido por células-tronco que
reabastecem constantemente a sua populagdo, uma vez que 0s gametas em maturacao
sdo usados ou destruidos. A linha germinal de C. elegans €, portanto, mais semelhante
aos tecidos auto-renovaveis de mamiferos do que aos tecidos somaticos pds-mitéticos
de adultos de C. elegans . Finalmente, em C. elegans a linha germinal é o Unico tecido
em que a apoptose ndo é controlada por uma linhagem celular invariante. Em vez disso,
a apoptose da linha germinal parece ser uma parte intrinseca do programa de oogénese
[35].

Um tipo de apoptose da linha germinal envolve a morte de muitas células
germinativas precoces durante a oogénese normal, um fenbmeno notavel, mas pouco
compreendido, que parece ser amplamente conservado. Uma segunda categoria €
desencadeada por danos ao DNA ou varios estresses ambientais, uma propriedade tipica
de essencialmente todos os tipos de células em vertebrados. A apoptose da linhagem
germinativa também pode ser desencadeada por infeccdo com certas bactérias
patogénicas. Portanto, o C. elegans fornece um sistema valioso para abordar a questao
indescritivel de como e por que tantas células germinais oogénicas precoce morrem em
diversas espécies e para analisar mecanismos que desencadeiam apoptose durante

00génese normal ou em resposta ao estresse [35].

Outra caracteristica em particular para estudos de toxicidade reprodutiva ¢ a facil
visualizagdo da apoptose em células germinativas. Atraves da utilizacdo de uma cepa
que possui fusdo de GFP com a bainha de células somaticas que envolvem as células

germinativas, é possivel visualizar em microscopio de fluorescéncia a célula morta [36].
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O estudo da o6genese tambem e facilitado, pois 0 ovocito desenvolve-se da parte distal
para a proximal no brago da génada do C. elegans, passando por fases caracteristicas da
profase | meidtica [37].

3.3 Vitelogénese

Para os nematoides, assim como para outros grupos animais, 0 Sucesso na
ocupacdo de um ambiente depende estreitamente da eficiéncia reprodutiva da espécie.
Assim, o conhecimento dos mecanismos envolvidos nas diferentes etapas do processo
reprodutivo € importante para o estabelecimento de novas técnicas para o estudo e o

controle de especies desse filo [38].

Todo animal precisa ser alimentado durante o desenvolvimento embrionario.
Nos vertebrados placentarios, a alimentacdo é direta de mae para filho, além de ser
constante. Porém, para 0s animais oviparos, € necessario que se faca uma reserva
alimentar dentro do ovo que garanta seu desenvolvimento embrionario e pos-
embrionario. O vitelo tem a funcdo de suprir as necessidades nutritivas destes embrides.
Ele é composto em sua maioria por lipideos, proteinas, carboidratos e ions, além de
possuir fatores de controle de desenvolvimento maternos. Portanto, pode-se considerar
que as proteinas do vitelo estejam entre as mais importantes proteinas para a
reproducdo, desenvolvimento e manutencdo da maioria dos animais. A formacgdo do
vitelo é chamada de vitelogénese, e é controlada por diversos fatores em diferentes

grupos de animais [39].

A vitelogénese comeca com a mobilizacdo de toda a energia necesséria,
incluindo lipidios, desde o armazenamento até a formacdo da gema, garantindo o
crescimento de embrifes em animais oviparos. A gema é uma lipoproteina_ de particulas
formadas por lipidos e proteinas de ligacdo de lipidios referidos como
vitelogeninas(VTG) [40]. O conjunto de recursos energéticos contidos no ovo é
denominado vitelo e seu principal componente é uma proteina denominada vitelina
(VT), que deriva da VTG [41].

Em nematoides, a biossintese acontece no intestino e o processamento no
pseudoceloma. Em nematoides o controle ndo foi completamente elucidado, mas é

aceito que ele seja dependente de hormonios derivados de colesterol [42]. Em C.
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elegans, seis genes (vit-1, vit-2, vit-3, vit-4, vit-5 e vit-6) codificam os quatro
polipeptideos da vitelogenina (YP170A, YP170B, YP115 e YP88) [43].

Os genes vit-1 e vit-2 codificam o polipeptideo YP170B, os genes Vvit-3, vit-4 e
vit-5 codificam o polipeptideo YP170A. Por Gltimo, o gene Vit-6 codifica o precursor
dos polipeptideos YP115 e YP88. Este precursor sofre clivagem no pseudoceloma para
formar estes dois peptideos, assim que € secretado do intestino e logo antes de ser
tomado pelo ovdcito. Estudos sugerem que a clivagem do precursor ocorra através de
uma enzima do tipo pré-hormdnio convertase, pois esta presente, na regido de clivagem,
0 par de aminodcidos basicos lisina-arginina [44,45]. Os quatro peptideos de VTG em
C. elegans formam dois complexos: um dimero de YP170B e um heterotrimero
formado por YP170A, YP115 e YP88[46]. Estes complexos sdo tomados via
receptorese armazenados em granulos de vitelo [47].

As VTGs ja foram amplamente estudadas em diversas espécies animais,
incluindo vertebrados e invertebrados. Sua sintese, nos vertebrados, é controlada por
estrdgeno [48,49] e, nos insetos, pelo horménio juvenil e pela ecdisona [50,51]. Nos
nematoides rabditideos, ainda néo foi elucidado como ocorre o controle da vitelogénese,
porém alguns estudos demostram que a vitelogénese é impactada em resposta a
condigBes de estresse, incluindo metais pesados, hormonios esteroides e fatores de

transcricao [42].
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Abstract

Maca (Lepidium meyenii) is a plant that grows above 4000 meters in the Central
Andes of Peru and has different varieties according to the color of the hypocotyl.
According to the population, its medicinal properties are connected to fertility and
vitality. Besides the beneficial effects related to sexual health, maca has also been
widely used by those who wish to lose weight naturally and healthy. However, there are
few scientific studies validating these uses. The objective of the present study was to
evaluate the effects of aqueous extract of maca on reproduction, using Caenorhabditis
elegans as an experimental model. The Peruvian maca from local commerce was
obtained, from which an aqueous extract was obtained. The animals were treated and
maintained at 20 ° C in NGM (nematode growth medium), seeded with Escherichia coli
OP50. The worms (2000) were exposed to maca extracts at different concentrations
(41.25, 123.75, 247.5, 330 pg / pl) in the L1 larval stage for 30 minutes in liquid
medium containing M9 and free of bacteria. Survival and reproductive toxicity analyzes
(egg laying, eggs per worm) were performed on NGM / E plates. coli, 48h after
treatment. Biochemical assays were performed using a homogenate of the commercial
treatments and kits. Statistical analysis was obtained by one-way ANOVA followed by
multiple comparisons with Tukey's post-test. The results showed that maca caused a
reduction in survival at all concentrations. In addition, the extract caused a significant
decrease in litter size. Our results also show that the maca extract caused alterations in
the lipid profile and expression of vitellogenins and interfered in a marked way in the
physiological balance of the germinated lineage of the worm reproductive system.
Therefore, it is concluded that the use of the extract of Peruvian maca in these
concentrations in C. elegans has effects contrary to the attributed and expected effects
of this vegetable, since maca is used because of its supposed benefits on vitality and

fertility.
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1. Introduction

Herbal therapies for sexual dysfunction in males and females include Ginkgo
(Ginkgo biloba), red ginseng (Panax ginseng) (Aung et al., 2004; Jang et al., 2008) and
yohimbine (Pausinvstalia vohimbe), the last with serious adverse effects (Aung et al.,
2004; Shamloul, 2010). Several other botanical therapies for sexual dysfunction have
also been introduced (Aung et al., 2004; Shamloul, 2010; Tharakan and Manyam,

2005). These are also often used to improve sexual function in healthy individuals.

Among the species used is Lepidium meyenii (maca peruana), a plant from the
Brassicaceae family that grows between 4,000 and 4,500 meters above sea level in the
central Andes of Peru, particularly in Junin and Pasco. Maca grows in these locations in
the temperature average of 1.5 ° C to 12 °. This range of temperatures occurs in the
Central Andes because of its proximity to the equator. For this reason, maca does not
grow well in the Peruvian South Andes, where the temperature is lower with frequent
frosts (Valerio and Gonzales, 2005). Some scientific evidence has shown that maca has
nutritional, energetic and fertility-enhancing properties and acts on sexual dysfunctions,
osteoporosis, benign prostatic hyperplasia, memory and learning, lipid and glucose
metabolism and protects the skin against ultraviolet radiation (Gonzales et al., 2005;
Vecera et al., 2007).

There are numerous studies to evaluate the possible beneficial effects of
nutraceutical extracts and for this study we chose the Caenorhabditis elegans model. C.
elegans is a free-living nematode found in organic matter. Experimentally, it has the
advantage of being a simple animal with nervous, reproductive and digestive systems
present in a small organism (adult worms have a length of ~ 1.2 mm). Other advantages
include fast life-cycle, which are relevant for lifespan investigations (Brenner, 1974);
the prediction of observed results in mammalian worms, due to the high genetic
homology between humans and C. elegans is very relevant in toxicology and
pharmacology. After the embryonic period they develop through four larval stages,
from L1 to L4. Hermaphrodite adult worms can produce up to 300 offspring during the
short breeding period (4 days). Its, transparent body allows the microscopic
visualization of the living animal. Another advantage also identified is the great

potential for gene analysis through transgenic strains. Several studies provide evidence
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that this worm responds following exposure to various natural compounds with

increased resistance to stress and / or even extending lifespan (Possik and Pause, 2015).

Notably, little is known about the mechanisms by which maca affects the
reproductive system in vivo. To address this issue, we evaluated the number of progeny
as well as the effects of the extract on reproduction-related parameters, evaluating the
levels of vitellogenin proteins, through GFP fluorescence, germ cells and lipid profile in

C. elegans.

2. Materials and methods

2.1 Plant Material and extract preparation

The maca powder was obtained from local market from which was prepared a
water extract. 1g of the powder was diluted in 10 ml of water which was homogenized
with the aid of a turrax apparatus. The extract was centrifuged for 5 min at 7000 rpm. At
the end of this process only the supernatant was separated filtered and stored at -20°C in
microtubes to be used in the tests.

2.2 Culture, strains and worms treatment

The strains of Caenorhabditis elegans used in the study were: N2 (wild type),
DH1033 (bls1[vit-2::GFP+ rol-6 (su1006)]) and MD701 (bcls39 [lim-7p::ced-1::GFP +
lin-15(+)]). C. elegans were kept in incubators at 20 ° C in Petri dishes containing solid
growth medium (NGM) and Escherichia coli OP50 as food source (Brenner et al.,
1974). The nematodes were exposed to treatments from the larval stage (L1), which are
obtained by a synchronization process, in which eggs of pregnant hermaphrodites are
obtained using a solution of sodium hypochlorite (1% NaOCI, 2,4 % NaOH) to break
the cuticle of the worms. After 12-14 hours, the isolated eggs hatch and release L1
larvae. The worms in the L1 larval stage were exposed to different concentrations of
maca extract (41.25, 123.75, 247.5, 330 pg of extract/ ul of water) for 30 minutes in
liquid medium. At the end of the exposure, the treatment was centrifuged and washed 3
times with M9 buffer to stop the action of the extract and worms were transferred to

NGM plates with E. coli OP50. For the biochemical assays, the worms were sonicated
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and homogenized followed by centrifugation at 10,000 rpm for 10 min at 4 ° C and the

supernatant was used for the assays.

2.3 Survival test

Worms at larval stage L1 (2,000 worms) were treated as previously described
and then placed on NGM plates of NGM with bacteria. 48h after the end of treatments,
the number of surviving worms on each plate was counted. The experiments were

performed in duplicates and repeated at least three times.

2.4 Development test

The effects on nematodes development were evaluated by counting the number
of animals at each stage of their life cycle: egg, L1, L2, L3, L4 and adult, at a time
interval after treatment. Development through the larval stages can be determined using
the following differentiation criteria. In this way after 48h of the treatment the scoring

of animals in each larval stage was performed.

2.5 Brood size

After 48 hours of acute exposure to different concentrations of maca extract,
only one worm from each treatment (in triplicates) was individually transferred to a new
N50 plate seeded with OP50. To evaluate egg laying, the nematodes were monitored
and transferred to a new plate every day, until no more eggs were layed, and the total
number of eggs released on the plates was counted. Data were expressed as percentage

of control. The experiments were repeated three times.

2.6 Number of eggs per worm

To complement the study on egg laying, another method was used. After 72
hours of treatment, 5 worms of each concentration of the extract and also the control
oneswere transferred to a glass slide containing 20 ul of the lysis solution (4 ml of
bleach, 1 ml of NaOH and 5 ml of water). After a few minutes, the body of this worm

was broken and its eggs, until then inside its body, were released and counted.
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2.7 Triglyceride level

Triglyceride levels were determined using the colorimetric method through a
triglyceride-specific kit (LabTest). Briefly, 50 ul of sample were mixed with 150 pl of
color reagent in 96-well plates and then incubated for 10 min at 37 ° C. Then the
absorbance was read at 500 nm in the plate reader. Triglyceride levels were calculated
from a standard curve and normalized by the amount of protein per sample. Proteins

were determined by the Bradford method.

2.8 Reactive Substances test Thiobarbituric Acid (TBARS)

Lipid peroxidation was determined by the measurement of species reactive to
thiobarbituric acid (TBARS). Briefly, a mixture of 100 ul of standard sample and 100 pl
of SDS was prepared for the first time. To this mixture, 60 ul of thiobarbituric acid and
60 pl of phosphoric acid were added and boiled for one hour. The reaction was stopped
on ice for 10 minutes and centrifuged for 1 min. The supernatant (150 pl) was
transferred to a 96-well plate and the absorbance was read at 540 nm in the plate reader.
The TBARS concentration was calculated from a standard malondialdehyde (MDA)

curve and normalized by the amount of total protein per sample (Ohkawa et al., 1979).

2.9 Number of apoptotic cells

The determination of the number of apoptotic cells was evaluated using the
strain MD701 which possesses apoptotic cells in the region of the vulva labelled with
GPF. The number of apoptotic cells was determined using a fluorescence microscope
(FLoid Cell Image Station -Thermo Scientific).

2.10 Vitellogenin levels

To understand the mechanism involved in the reprotoxic effects we evaluated
the levels of vitellogenins, which are proteins transported to the embryo to maintain

energy input during its development, labeled with GFP. Fluorescence levels of
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transgenic worms expressing the GFP reporter for proteins of our interest were obtained
by transferring worms to glass slides containing levamisole (0.02%), imaging them in a
FLoid Cell Image Station (Thermo Scientific) and then fluorescence was quantified

using ImageJ.

2.11. Statistical analysis

Statistical analysis was obtained by One-way ANOVA, followed by multiple

comparisons Tukey test when p<0.05.

3. Results

3.1 Maca extract reduced worms survival

Initially, we evaluated the effects of acute maca exposure on survival (Figure 2).
Theresults have shown that maca extract exposure caused a reduction in survival at all

concentrations tested, especially at the three highest concentrations.
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Figure 2: Maca aqueous extract effects on N2 worms survival. Data are expressed as
mean £ SEM. * Indicates p <0.05 compared to the control group and **** indicates p
<0.0001 in comparison to control group.

3.2 Maca extract slightly affects larval development

The effects of acute exposure of maca on worms development were evaluated 48
hours after exposure The results showed that the extract did not cause a significant delay

on this parameter (Figure 3).
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Figure 3: Worms development following exposure to different concentrations of the

maca extract. Data are expressed as number of worms at each larval stage.

3.3 Maca aqueous extract causes alterations on reproductive profile

We then discuss whether acute exposure to the extract interferes with egg
production. In Fig. 4A we can observe that after the treatment, the number of the eggs
was significantly reduced in the concentrations from 123.47ug / pl. Just as the number
of eggs produced per worm was decreased when compared to the control group (Fig.
4B) . In Figure 4C the number of eggs layed are distributed per day and is possible to
observea decrease in egg laying on days 1 and 2.
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Number of eggs per worm
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Figure 4: Effect of maca exposure in the reproduction of wild-type N2 worms. A) total

number of eggs;B) number of eggs per worm;C) number of eggs layed per day. *

Indicates p <0.05 compared to the control. ** Indicates p <0.005 compared to the

control group and.*** indicates p <0.001 in comparison to control group .**** indicates

p <0.0001 in comparison to control group.

3.4 Maca exposure induces apoptosis of germ cells

Next, we approached the different mechanisms associated with the decrease in

the egg production induced by the extract. Thus, using the MD701 strain (which
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possesses apoptotic cells labeled with GFP in the gonad region) we counted the number
of apoptotic cells of the control group and the animals treated with different
concentrations of the maca extract. Our results demonstrated an expressive increase in
the number of apoptotic cells in this region, suggesting a toxic effect of the extract by

interfering in the normal physiology of the reproductive system (Figure 5).
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Figure 5: Quantification of the number of apoptotic cells in the of the worms. Below are
presented representative images from control group (CT) versus worms exposed to
maca extract at the highest concentration (D 330ug/ul). ** Indicates p <0.005 compared

to the control group and *** indicates p <0.001 in comparison to control group.

3.5 Maca aqueous extract affects worms lipid profile

Considering that eggs contains high levels of lipids, we evaluated the lipid

profile of wildtype worms treated with different concentrations of the maca extract. Our
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results demonstrated a significant decrease in triglyceride levels from the concentration
of 123.75ug / ul, showing a change in the lipid profile of the worm (Figure 6A). After
this observation, we evaluated whether this decrease would be associated to lipid
peroxidation. In Figure 6B, we demonstrate an increase in TBARS levels, which
suggests an increase in the production of reactive species, thus implying damage to the

reproductive system of the worm.
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Figure 6: A) Determination of triglyceride levels in wild type worms (N2) treated with
different concentrations of the root * Indicates p <0.05 (statistically significant)
compared to the control group. *** indicates p <0.001 (statistically significant).B)
determination of lipid peroxidation in wild type worms (N2) treated with different

concentrations of the tuber.

3.6 Maca extract reduces the expression of vitellogenin-2 in worms embryo
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In order to seek a mechanism by which the extract would be affecting eggs
production, we observed the expression of the GFP-labeled vitellogenin-2 (DH1033). In
Figure 7 is depicted that the expression of VIT-2 is significantly decreased when
compared to the control. The representative images show how this decrease is

dependent on the concentrations.
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Figure 7: Fluorescence quantification of C. elegans strain DH1033 treated with different
concentrations of maca extract. Data are expressed as mean £ SEM. . * Indicates p
<0.05 (statistically significant); . ** Indicates p <0.005 (statistically significant); . ***

Indicates p <0.001 (statistically significant). .**** indicates p <0.0001 in comparison to

control group. In the panel bellow are shown images of these worms after treatment
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with maca extract at different concentrations. CT (control), A (41.25ug / ul), B
(123.75ug / ul), C (247.5pg / ul), D (330ug / pl).

4. Discussion

In the present study, we evaluated the toxicity of Peruvian maca using an in vivo
model assay system. Considering the properties of the tuber that is traditionally used as
a fertility enhancer for humans and cattle (Gonzales et al., 2005; Meissner et al., 2006b;
Oshima et al., 2003), our findings are very contradictory, especially considering the
acute exposure. Our data demonstrate that acute exposure to aqueous maca extract
caused reduced survival and a very pronounced toxicity reproduction profile. Notably,
exposure to the extract caused an increase in germline apoptosis and a decrease in the
expression level of vitellogenins, where this deficiency was also observed in nematodes
exposed to heavy metals (Wang et al., 2009; Wu et al., 2011; Wu et al., 2012), which
suggests that the change in progeny production may be a common phenotype for effects
adverse effects of toxic substances on nematodes. In addition, after acute exposure to
maca, an increase in lipid peroxidation was associated to a decrease in triacylglycerols,
which suggests an increase in the production of reactive species, thus implying damage

to the reproductive system of the worm.

Firstly, we investigated the survival of worms in relation to maca extract, where
we used different concentrations (41.25, 123.75, 247.5, 330 ug / pl) of the extract in an
acute administration (30 minutes). The survival rate varied according to concentrations,
and for that reason we decided to use all concentrations for the later experiments.
Previous studies demonstrated that aqueous and methanolic extracts of maca did not
present hepatotoxicity in vitro (Valentova et al., 2006). Likewise, aqueous extract of
maca at a dose of 1 g / kg in mice did not alter the normal development of pre-implanted
embryos (D”Arrigo et al., 2004). In rats and mice, 22 days oral treatment to a purified
lipid maca extract increased the sexual function of these animals. (Gasco et al., 2007).
In mice, the LD50 is greater than 15 g maca / kg (Meissner et al., 2006a) without
histopathological changes in the liver, pancreas, spleen, testes or ovaries (Meissner et
al., 2006a; Meissner et al., 2006b). It is important to emphasize that the higher toxicity
observed in the present study may be due to the early exposure, considering that at the

L1 stage many systems are not fully developed. In the cited studies, exposures were
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done in adults. In addition, the demonstration of the presence of alkaloids such as
carboline-3-carboxylic acid and 1-methyltetrahydro-p in maca preparations evidences
the concern of the consumption of maca, which is why more studies are needed to
evaluate the fraction containing this alkaloid and thus to verify its efficacy and safety
(Piacente et al., 2002).

In nematodes, the reproductive organ is one of the most important organs for
toxic actions (Chang et al., 2012; Nouara et al., 2013; Zhao et al., 2013). In this sense,
we investigated the effects of acute extract exposure on reproduction by evaluating the
number of layed eggs. Acute exposure at all concentrations, especially at the highest
doses, notably influenced this endpoint. More interestingly, this alteration appeared
mainly on day 1 during the reproductive period of adult nematodes. In addition, we
observed a small delay in egg laying, where we could see that maca treated worms layed
more eggs than control ones. It is important to emphasize that no significative changes
in worms development were observed (Figure 2), then reduction in reproduction were

not a consequence of development delay.

In order to further clarify the studies on the molecular effects of the extract on
reproduction, we analyzed whether exposure to maca induces apoptosis in germline
cells through the use of ced-1::GFP strain that possesses apoptotic cells labeled with
GFP. Our results demonstrated a very significant increase in the number of apoptotic
cells in the germline, expressing a toxic effect on these cells and interfering in the
physiology and normal health of this reproductive system. By exposing the nematoid to
increasing concentrations of maca, we have shown here that germinal apoptosis is

exhibited in a dose-dependent manner.

The germ line provides the crucial link between generations, and its proper
function depends on the precise execution of the process of cellular meiosis and
chromosome division. Deregulation of the meiotic process can result in reduced fertility
and the production of gametes and embryos with an abnormal number of chromosomes,
a condition called aneuploidy. Errors of chromosomal segregation in meiosis are highly
relevant to human health. Chromosomal abnormalities are common, often 1 in 150 live
births, Trisomy 21, 18 and 13, as well as X and Y chromosomal errors are the most
prevalent (Fragouli et al., 2011). The idea that environmental influences can affect
segregation and chromosomal behavior is not new (Hunt, 2006), but it is still poorly
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understood. Therefore, it is crucial to investigate which of the chemicals introduced into
our environment are interfering with human fertility, early development and overall

reproductive health.

Seeking a mechanism that explains the toxicity of the reproductive system, we
raised the possibility that the extract is interfering with the lipid profile of the worm.
Lipids and gem-derived proteins provide crucial nutrients needed to support the rapid
development of the embryo. The vitellogenesis of C. elegans is the most expensive
energy process for worms, requiring nutrients from the gut to form buds. C. elegans
express a class of VIT lipoproteins encoded by six different genes (Baker, 1988). C.
elegans VITs YP170, YP115 and YP88 are homologous to VIT from vertebrates and
ApoB-100, the main component of mammalian LDL particles (Grant and Hirsh, 1999;
Spieth et al., 1991). Endocytosis of gem particles in oocyte membrane vesicles is
mediated by receptors of the LDL receptor superfamily in C. elegans (Goldstein et al.,
1985), insects and vertebrates. It is believed that the endocytic traffic of gem and yolk
receptors proceeds along pathways very similar to those used by LDL in somatic cells
(Goldstein et al., 1985; Schneider, 1996). To highlight possible mechanisms on the
effects of maca on lipoproteins, we used C. elegans as a powerful tool to observe its
reproduction as the culminating profile of vitellogenin alterations.  Taking advantage
of the transgenic strain VIT-2p :: VIT-2 :: GFP, we visualized VIT-2 at various stages
of development and the effect of maca on its expression. Given the expression of VIT
proteins begins in the late larval L4 stage, no GFP fluorescence was observed 24 h after
exposure of maca to young adult worms. Thus, we chose 72 h after exposure to the
extract to evaluate the expression of VIT-2. Assays showed that vitellogenin levels were
significantly reduced after exposure to the aqueous extract of maca. This finding
corroborates the results of the lipid profile, in which there was an increase of the lipid
peroxidation added to the decrease of the triacylglycerols generating an imbalance in the
lipid levels and with that interfering in the amount of lipids needed to be sent to the yolk
to supply the development of the embryo. In this way we suggest that the aqueous
extract of maca is interfering with these processes, preventing the internalization of
vitellogenins by the decrease of lipids through the increase of the lipid peroxidation and
with that, generating the lack of nutrients for the normal development of the embryos,
and thus also affecting throughout the germiline process and the normal physiological
organization of the eggs, causing a decrease of the progeny. For instance, Gubert et al
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established the ability of Mn to reduce the size of young in worms (Gubert et al., 2016),

showing that this system is very sensitive to the action of toxic substances.

Even though there are some studies using mice ans rats that provide some
positive effects of maca extract on sexual function, a clinical trial conducted by
Gonzales et al demonstrated that a 12-week treatment with maca did not improved
luteinizing  hormone,  follicle-stimulating ~ hormone,  prolactin,  17-alpha
hydroxyprogesterone, testosterone and 17-beta estradiol levels (Gonzales et al., 2003).
Our study points out that early exposure to maca in a reproductive immature organism
can cause serious reproduction defects caused by reduced vitelogenesis and increased

germline apoptosis.

5. Conclusion

In summary, we have shown, for the first time, that the aqueous extract of litter
affects both egg production and germiline behaviors. In addition, interference in the
vitellogenesis process is associated with maca-induced toxicity. These results suggest
that the acute and early exposure of C. elegans to maca at these concentrations impairs

the reproductive profile of hermaphrodites.
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5. Concluséao

Em resumo, mostramos, pela primeira vez, que o extrato aquoso de maca afeta a
producdo de ovos e 0 comportamento germinativo. Além disso, a interferéncia no
processo de vitelogénese esta associada a toxicidade induzida pela maca. Estes
resultados sugerem que a exposicdo precoce de C. elegans a maca nessas concentracoes

prejudica o perfil reprodutivo dos hermafroditas.
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