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RESUMO

Apoptose e autofagia sdo vias de sinalizagdo altamente conservadas e sdo essenciais em
diversos processos fisiologicos. Apesar dos avancos recentes, ainda ha muitas lacunas no
conhecimento das suas interagdes, especialmente em vertebrados nao mamiferos. Neste sentido,
0 objetivo do presente estudo foi investigar a interagdo das vias autofdgica e apoptdtica na
atresia folicular e na espermatogénese de tilapia do Nilo, Oreochromis niloticus, em condigdes
de cultivo. Para isso, o projeto foi desenvolvido em trés etapas. Na primeira etapa, para
investigar a interagdo das vias autofagica e apoptdtica na atresia folicular, animais recém
desovados foram mantidos em condic¢ao de cultivo e amostras de ovarios foram coletadas para
analises morfoldgicas, técnica de TUNEL e imunohistoquimica. A atresia folicular nos ovarios
de O. niloticus foi analisada em trés estagios de regressao: foliculos atrésicos iniciais (AFE),
avangados (AFa) e tardios (AFr). Nos foliculos atrésicos iniciais e avangados as células
foliculares apresentaram grandes lisossomos e autofagossomos contendo mitocondrias em
degeneracdo, restos de organelas e granulos elétron-densos. Além disso, foram observados
aumentos significativos nas imunomarcacdes de Bcl-2, Catepsina-D, Beclin-1 ¢ LC3. Nos
foliculos atrésicos tardios, as células foliculares apresentaram um citoplasma elétron-lucido e
apoptose aumentada com imunorreatividade para Bax e muitas células positivas para TUNEL.
Além disso, a colocalizacdo entre LC3 e Caspase-3 em AFL e LAMP-1 e Catepsina-D em AFg
e AFa mostrou pontos de interagdo entre autofagia e apoptose durante atresia folicular de tilapia
do Nilo. Na segunda e terceira etapa desse trabalho, nds avaliamos a atuacao das vias autofagica
e apoptotica durante a espermatogénese em animais submetidos ao sistema de realimentagdo e
a restri¢cao alimentar total por 7, 14, 21 e 28 dias. A analise dos efeitos do jejum sobre os
parametros bioquimicos, hormonais e morfolégicos mostrou que apds 7 dias de jejum, os niveis
glicémicos e lipidicos foram significativamente reduzidos, seguidos pela reducdo plasmatica de
testosterona (T) e 11-ketotestosterona (11-KT). Além disso, foi observado a proliferagao
reduzida de espermatogdnias e aumento da apoptose em espermatocitos, espermatides e
espermatozoides. Nos grupos de realimentagdo, os esteroides sexuais e a propor¢do de células
germinativas ndo apresentaram alteracdes significativas em relagcdo ao grupo controle, exceto
pela reducao de espermatozoides. A atuacdo da via autofagica durante a espermatogénese foi
evidenciada pela imunomarcacao de LC3 e Beclin-1 e pela presenca de estruturas autofagicas
como autofagossomos, autolisossomos e corpos multilamelares em espermatocitos secundarios,
espermatides, células de Sertoli e de Leydig. A apoptose foi identificada principalmente em
espermatocitos e espermatides, com aumento significativo apds 21 e 28 dias de jejum. Em

conjunto, nossos dados mostraram a atuagao da autofagia na manutencao da viabilidade celular



no estagio inicial da atresia folicular e durante a espermatogénese da tilapia do Nilo. No estagio
final da atresia folicular, a via autofagica e a liberagdo de catepsina-D no citoplasma atuaram
em cooperagao com a apoptose para remodelagado tecidual caracteristica da atresia. Nos machos
submetidos ao jejum prolongado, houve reducao progressivade T e 11-TK reducao da autofagia
e aumento significativo da apoptose das células germinativas resultando em danos a producao

de células espermatogénicas.

Palavras-chave: Testosterona. Células Germinativas. Marcadores Autofagicos. Teleosteos.

Restricao Alimentar.



ASTRACT

Apoptosis and autophagy are highly conserved signaling pathways between species, essential
in several physiological. Despite recent advances, there are still many gaps in the knowledge of
their interactions, and especially in non-mammalian vertebrates. In this sense, the aim of the
present study was to investigate the interaction between autophagy and apoptosis in follicular
atresia and spermatogenesis of Nile tilapia Oreochromis niloticus under cultivation conditions,
and, for this, the project was developed in three stages. In the first stage, to investigate the
interaction of autophagic and apoptotic pathways in follicular atresia, freshly spawned animals
were kept in culture condition and ovarian samples were collected for morphological analysis,
TUNEL technique and immunohistochemistry. The follicular atresia in the ovaries of O.
niloticus was analyzed in 3 stages of regression: early (AFg), advanced (AF4) and late (AFL)
atretic follicles. Early and advanced atretic follicles presented autophagy in follicular cells by
the presence of large lysosomes and autophagosomes with degenerating mitochondria,
organelles debris and electron-dense granules. Moreover, it were observed significant increases
of immunoreactivity for Bcl-2, Cathepsin-D, Beclin-1 and LC3. In late atretic follicles, the
follicular cells presented a markedly electron-lucid cytoplasm and increased apoptosis, with
immunoreactivity for Bax and many TUNEL positive cells. In addition, the colocalization
between LC3 and Caspase-3 in AFL and LAMP-1 and Cathepsin-D in AFg and AFa showed
points of interaction between autophagy and apoptosis during follicular atresia of Nile tilapia.
In the second and third stage of this work, we evaluated the performance of the autophagic and
apoptotic pathways during spermatogenesis in animals submitted to system of refeeding and
total food restriction for 7, 14, 21 and 28 days. Analysis of the effects of starvation on
biochemical, hormonal and morphological parameters showed that, glycemic and lipid levels
were significantly reduced, followed by plasma reduction of testosterone (T) and 11-
ketotestosterone (11-KT). In addition, reduced proliferation of spermatogonia and increased
apoptosis of spermatocytes, spermatids and spermatozoa were observed.In the refeeding
groups, the sex steroids and the proportion of germ cells had no significant alterations compared
to the control group, except for reduction of spermatozoa. The performance of the autophagic
pathway during spermatogenesis was evidenced by immunostaining of LC3 and Beclin-1 and
by the presence of autophagic structures, such as autophagosomes, autolysomes and
multilamellar bodies in secondary spermatocytes, spermatids and Sertoli and Leydig cells.

However, after 21 days of starvation apoptosis increased mainly in spermatocytes and



spermatids. Together, our data showed the role of autophagy in maintaining cell viability was
evidenced in the early stages of follicular atresia and during spermatogenesis of Nile tilapia. In
the final stage of follicular atresia, the autophagic pathway and the release of cathepsin-D in
the cytoplasm acted in cooperation with apoptosis for tissue remodeling characteristic of atresia.
In males submitted to prolonged fasting, there was a progressive reduction in T and 11-TK
reduction in autophagy and a significant increase in germ cell apoptosis resulting in damage to

sperm cell production.

Keywords: Testosterone. Germ Cells. Autophagic Markers. Teleost. Food Restriction.
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1.0. INTRODUCAO

1.1. Autofagia

Autofagia se refere a via catabolica lisossomal de degradagdo de componentes
intracelulares, essencial no desenvolvimento, diferenciagdo ¢ manutengdao da homeostasia
celular podendo levar a sobrevivéncia ou morte celular (Ryter ef al., 2013, 2014; Agnello and
Chiarelli, 2016). A via autofagica ¢ conservada entre as espécies e ocorre praticamente em
todas as células. Essa via ¢ finamente regulada por proteinas codificadas por genes ATG, e
apresenta proteinas homologas em levedo e mamiferos como, por exemplo, ATG6/Beclin 1 e
ATGS8/LC3 (Uchiyama et al., 2008). A autofagia pode ser classificada em trés principais tipos
de acordo com a funcgdo fisioldgica e ao modo de entrega da carga ao lisossomo: 1)

microautofagia, 2) autofagia mediada por chaperonas e 3) macroautofagia (Fig 1).

Figura 1: Principais tipos de autofagia e caminhos que convergem aos lisossomos (Mrschtik
and Ryan 2015; adaptado)
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Na microautofagia ocorre a incorporagdo seletiva ou nao seletiva de componentes
citosolicos diretamente em lisossomos através de invaginagdes da membrana lisossomal
(Mizushima and Komatsu, 2011). Na autofagia mediada por chaperonas, proteinas
citoplasmaticas marcadas com a sequéncia de aminoacidos KFERQ ligam-se a chaperonas,
como Hsp73, e sdo transportadas aos lisossomos através da interagdo com receptor LAMP-2
(Alerting, 2007). A macroautofagia usualmente chamada de autofagia ¢ a via melhor estudada
de degradacao lisossomal. Durante a autofagia, estruturas de membrana com dupla bicamada
lipidica (autofagossomos) sao capazes de englobar e isolar varios constituintes celulares e até
organelas inteiras (Gomez-Sintes et al., 2016).

Na fase inicial da autofagia, ocorre a formacdo do fagofaro (ou membrana de
isolamento) onde componentes citoplasmaticos sdo sequestrados no inicio da autofagia. O
fagoforo expande-se através da aquisicdo de lipideos, formando o autofagossomo (Soto-
Burgos et al., 2018). Em mamiferos, estudos recentes mostraram que autofagossomos sao
formados na interface reticulo endoplasmatico-mitocondria (Hamasaki et al, 2013). A
proteina beclin-1 (homoéloga a Atg6 de levedo) que compde o complexo PI3 kinase classe 111
(PI3K) apresenta um papel central na formagdao do fagdfaro, coordenando e regulando a
mobilizagdo de membranas para a formacao do autofagossomo (Kang et al., 2011).

A fase de alongamento, onde ocorre a expansdo da membrana do autofagossomo,
requer o recrutamento de proteinas como a proteina de cadeia leve 3 associada a microtululos
(LC3). LC3 ¢ produto do gene homdlogo MAP1LC3 e ap6s um estimulo autofagico, LC3-I
sofre lipidag@o por conjugacdo com fosfatidiletanolamina e entdo ¢ convertida em LC3-II que
passa a integrar a membrana interna e externa do autofagossomo (He et al., 2015). LC3-1I ¢
responsavel pela selecao do substrato a ser degradado pela autofagia e possui um dominio que
interage e recruta outras proteinas para a membrana do autofagossomo (Kabeya, 2000; He et
al., 2015). LC3 II ¢ exclusivamente expressa durante a autofagia, sendo usado no
monitoramento desse processo (Klionsky et al., 2016). Outro importante marcador de fluxo
autofagico ¢ a proteina p62. Esta proteina € capaz de reconhecer e interagir com proteinas
ubiquitinadas por meio de associa¢do ao dominio ubiquitina. Posteriormente, p62 interage
com LC3 sendo assim incorporada ao limen do autofagossomo e degradada pela autofagia
(Hansen and Johansen, 2011). Devido a sua degradagado , p62 atua como um marcador inverso
da atividade autofagica (Mizushima and Komatsu, 2011; Pan et al., 2011)

O processo de maturacdo do autofagossomo inclui a fusdo com endossomo tardio e/ou com

lisossomo formando estrutura conhecida como autolisossomo, onde o material interno € a
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membrana autofagossomal serdo completamente degradados pelas hidrolases 4cidas
lisossomais. A fusdo desses componentes ocorre por atuacao de diversas proteinas, dentre elas
destaca-se as proteinas de membrana lisossomal, denominadas Lamp-1 ¢ Lamp-2 (Huynh et
al., 2007). Além de fusdo entre as membranas, essas proteinas sao altamente glicosiladas,
sendo responsaveis pela manutencdo da integridade estrutural da membrana lisossomal,

protegendo-a do ambiente luminal hostil (Eskelinen, 2005; Huynh et al., 2007).

1.2. Apoptose

Apoptose ¢ altamente conservada durante a evolugdo, sendo um processo fisiologico
essencial para a manuten¢do do desenvolvimento e do nimero apropriado de células no tecido
(Kerr et al., 1972). Este processo ¢ descrito como o principal mecanismo de morte celular
programada, entretanto outras formas de morte celular programada podem também ocorrer
em diferentes condi¢des (Kroemer et al., 2009; Galluzzi et al., 2018). As células apoptoticas
apresentam caracteristicas morfologicas tipicas tais como: retragdo celular, perda de adesdo
célula-célula e célula-matriz extracelular, condensagdao da cromatina em um padrao crescente
subjacente ao envelope nuclear e formagao de corpos apoptoticos (Robertson and Orrenius,
2000). Externalizacdo de fosfatidilserina na membrana plasmatica leva a estimulagcdo de
fagocitos e células vizinhas saudaveis, que fagocitam os corpos apoptoticos sem desencadear
reacdo inflamatoria (Wyllie ef al., 1980). Além disso, durante apoptose, ocorre a clivagem do
DNA em regides internucleossomais gerando multiplos fragmentos de 180 a 200 pares de
bases nucleotidicas (padrdao em escada do DNA apoptotico) (Gavrieli ef al., 1992).

A apoptose requer uma maquinaria proteica especializada, envolvendo caspases
iniciadoras (caspase-2, -8, -9, -10) e efetoras (caspase-3, -6, -7) e pode ser desencadeada por
via extrinseca ou intrinseca (Antonsson, 2001; Takle and Andersen, 2007). A interagao de
ligantes (FasL, TNF e proteinas relacionadas) com receptores de morte (via Fas) desencadeia
a via extrinseca e ativa a cascata das caspases (Elmore, 2007). Estes receptores interagem com
moléculas conhecidas como FADD/MORT-1 recrutando caspase-8, que por sua vez ira ativar
caspases efetoras, executando a morte por apoptose por clivagem de respectivos substratos
celulares (Tripathi et al, 2009). Em mamiferos, diversas proteinas celulares, incluindo
DNAases, proteinas do citoesqueleto, reguladores do ciclo celular, moléculas de sinalizacao e
reparo, assim como enzimas constitutivas, foram identificadas como substrato de uma ou mais

caspases efetoras ativas (Elmore, 2007).
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A via intrinseca pode ser ativada por estresse intra- ou extracelular tais como: danos
no DNA, deprivacdo de fatores de crescimento e hipdxia. Alteragdes na permeabilidade da
membrana mitocondrial sdo apontadas como principal mediadora dessa via apoptética e as
proteinas da familia Bcl-2 participam ativamente da sua regulagdo (Shimizu et al., 2000;
Youle and Strasser, 2008). A proteina antiapoptética Bcl-2 estd localizada na membrana
mitocondrial externa, onde atua no bloqueio da liberacdo de citocromo c¢ pela mitocondria
apos estimulo apoptogénico. A ligacdo de Bcl-2 com a proteina pro-apoptotica Bax forma um
heterodimero (Bax/Bcl-2) suprimindo a morte celular. Entretanto o homodimero Bax/Bax
promove a formacdo de poros na membrana mitocondrial e consequente liberagdo de
citocromo ¢ para o citosol (Polcic et al., 2015; Delbridge et al., 2016). O citocromo ¢ associa-
se com Apaf-1 (apoptotic protease activation factor-1) e pro-caspase-9 para a formagao do
apoptossomo, complexo que ativa a caspase-9, e por conseguinte caspase-3, levando a
apoptose (Wu et al., 2014).

Entre os diversos substratos das caspases pode-se citar a mdm-2 (murine double
minute), uma proteina que se liga a p53, mantendo-a no citoplasma. A clivagem de mdm-2
pelas caspases libera a p53, que se desloca para o nucleo ativando a transcri¢do de genes pro-
apoptdticos como Bax (Danial and Korsmeyer, 2004; Galluzzi et al., 2018). A morte celular
independente de caspases também pode ocorrer envolvendo moléculas da rota mitocondrial e
proteases nado-caspases, tais como catepsinas, granzimas e endonuclease G, que podem

induzir apoptose de forma independente ou cooperativamente com caspases (Zhang et al.,

2003).

1.3. Inter-relacao das vias autofagicas e apoptdéticas

A interacdo entre as vias autofagica e apoptotica vem despertando grande interesse,
principalmente na area médica, pois alteragdes nestas vias estdo relacionadas a doengas
neurodegenerativas como Alzheimer, Parkinson, e a varios tipos de tumores (Ghavami ef al.,
2014; Aufschnaiter et al., 2017; Bischof ef al., 2017). Embora o mecanismo de autofagia
esteja gradualmente sendo elucidado, diversas proteinas e interagdes possuem ainda fungao
desconhecida (Gump and Thorburn, 2011; Song et al., 2017). Além disso, a complexa
interagdo entre estas vias de sinalizagao dificulta sua total elucidacdo, mesmo com crescente
nimero de estudos. Multiplos pontos de interagcdo direta e indireta entre essas vias de

sinalizagdo evidenciam a participag¢@o de algumas proteinas como, por exemplo, p62 e p5S3 na
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regulacdo da autofagia e da apoptose (Mathew et al., 2009; Hou et al., 2010; Nikoletopoulou
etal.,2013). A agdo de p62 ¢ moldada pela interacdo com caspase-8 que pode ser ativada por
p62 ou promover a clivagem desta em resposta a um estimulo de morte celular (Jin et al.,
2009; Pan et al., 2011). Por outro lado a atuagao de p53 nas vias autofagicas e apoptoticas ¢
dependente de sua localiza¢do. Evidéncias mostram que a transloca¢do de p53 para o nucleo
leva a inducdo da autofagia enquanto condi¢des de estresse celular extremo resulta no
deslocamento de p53 citosdlica para a matriz mitocondrial, promovendo a abertura de poros
na membrana mitocondrial externa, assim levando a apoptose (Crighton et al., 2006;
Tasdemir et al., 2008; Lu et al., 2017). A proteina anti-apoptotica Bcl-2 é um importante
regulador da autofagia uma vez que interage diretamente com Beclin-1, tornando-o incapaz de
ativar a autofagia. Outro mecanismo pelo qual apoptose pode inibir a autofagia ¢ através da
clivagem por caspase-3 de Beclin-1 e outras proteinas essenciais da autofagia (Gump and

Thorburn, 2011) (Fig.2).

Conexdes entre Autofagia e Apoptose ‘

—Morte
celulan

Fagoforo Autofagossoma

Figura 2: Conexdes entre os processos autofagico e apoptotico. A. Atg5 ativa o DISC
(Complexo de sinalizacao indutor de morte) através da interacdo com FADD (Dominio de

morte associado ao FAS). B. O FLIP (Proteina inibidora do tipo FLICE) inibe a associag¢ao
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Atg3-LC3 e, portanto, a indugdo de autofagia. C. A conjugagdo Atgl2-Atg3 inibe a fissdao
mitocondrial e a apoptose, independente de autofagia. D. p62 promove a agregacao e ativacao
de Caspase-8 que, paradoxalmente, ¢ degradada pela autofagia, provavelmente através de sua
interacdo com p62. E. A fosforilagdo de Beclin-1 pela Dap cinase promove a autofagia. F.
Interacdo Bcl-2 com Beclin-1 inibe a autofagia. G. p53 pode tanto promover como inibir a
autofagia, dependendo do contexto. H. Morte celular autofagica. Links bem estabelecidos sdo
representados com linhas solidas e links menos estabelecidos sdo mostrados com tragos

(Gump and Thorburn, 2011).

1.4. Lisossomos e morte celular

Os lisossomos sdo organelas formadas por membrana simples presentes em todos os
organismos eucariotos. Geralmente, endossomos iniciais ou precoces (pH 6,0 - 6,6)
encontrados proximo a membrana celular originam estruturas encontradas mais profundas no
citoplasma denominadas de endossomos tardios (pH~5). Esses ultimos tipicamente
amadurecem em estruturas com pH mais acido pH~4,5 denominados lisossomos (de Duve et
al., 1955; Repnik et al., 2012). O termo 'lisossoma' ¢ derivado da palavra grega 'corpo
digestivo' sendo descrita pela primeira vez por de Duve et al. (1955). A principal funcao dos
lisossomos ¢ a degradacao de componentes externos (via endocitose) ou de dentro da propria
célula (via autofagica) (Fig. 1). Os produtos de degradacdo dos lisossomos sdo ativamente
transportados para o citosol podendo ser reutilizados pela célula. Para exercer sua fungdo, esta
organela contém hidrolases fosfatases, nucleases, glicosidases, proteases, peptidases,
sulfatases e lipases cuja fungao ¢ dependente do pH acido lisossomal (Repnik et al., 2012). Os
lisossomos e as proteases lisossomais também estdo envolvidos no processo de morte celular
(Mrschtik and Ryan, 2015). Quando as proteases lisossomais se encontram dentro do
compartimento lisossomal ndo podem afetar outros componentes citosélicos. Em contraste, o
extravasamento do contetido lisossomal esta associado a vias de morte celular como a
apoptose (Johansson et al., 2010). Entre as hidrolases lisossomais, a protease catepsina-D
apresenta um papel importante na degradacdo de proteinas durante a morte celular. Catepsina-
D ¢ a principal protease aspartica endolisossomica sendo sintetizada como proenzima. A
enzima madura possui dois dominios, uma cadeia pesada (34 kDa) e uma cadeia leve (14
kDa) nao ligados covalentemente (Turk ef al., 2012). Estudos recentes demonstram que a

catepsina-D pode atuar em diferentes vias de morte celular, incluindo apoptose, autofagia e
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necroptose (Repnik et al., 2012; Mrschtik and Ryan, 2015). A libera¢do desta protease para o
citoplasma apds a desestabilizagdo da membrana lisossomal pode resultar em morte celular
independente ou dependente de caspase, com ou sem envolvimento de mitocondrias. Além
disso, proteinas como caspases-2 ¢ 8 e as proteinas da familia Bcl-2 como Bid, Bcl-2, Bel-

XL e Mcl-1 podem ser alvos de catepsinas (Fig.3) (Boya and Kroemer, 2008).

Figura 3: Vias de morte celular por permeabilizacdo da membrana lisossomal (LMP).
AIF, fator indutor de apoptose; CB, catepsina B; CD, catepsina D; Cyt.c, citocromo c;

MOMP, permeabilizacdo da membrana externa mitocondrial (Boya and Kroemer, 2008)
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1.5. Gametogénese

1.5.1. Ovogénese

A gametogénese ¢ um processo altamente ordenado controlado por fatores ambientais
e hormonais do eixo hipotadlamo-hipo6fise-gonada e depende do equilibrio entre proliferacao,
diferenciagdo e morte celular de células germinativas (Gawriluk et al., 2011). Em teledsteos,
autofagia e apoptose participam da regressao folicular e podem garantir uma regressao
ovariana mais eficiente ap6s a desova (Santos et al., 2008; Morais et al., 2012). Entretanto, os
mecanismos ¢ interagdes desses processos ndo sao completamente elucidados. Neste sentido,
gbonadas de peixes constituem um excelente modelo de estudo para apoptose e autofagia,
principalmente em peixes com intensa atividade reprodutiva e de facil cultivo em laboratoério,
como a tilapia do Nilo.

A ovogénese em teledsteos tem sido dividida em trés fases principais: 1) crescimento
primdrio, independente de gonadotrofinas, compreende a divisdo das ovogonias e
diferenciagdo em ovocitos perinucleolares, 2) crescimento secundario, dependente de
gonadotrofinas, envolve a formagdo de alvéolos corticais (ovocitos pré-vitelogénicos) e a
incorporagdo de vitelo nos foliculos vitelogénicos e 3) maturagdo ovocitaria, quando ocorre a
retomada da meiose e o desenvolvimento final do ovocito tornando-o apto a fertilizagdao
(Grier et al., 2007; Quagio-Grassiotto et al., 2011). Durante o crescimento secundario, o
figado produz vitelogenina e coreogenina que sdo proteinas essenciais na formagao do vitelo e
da zona pelucida, respectivamente (Rizzo e Bazzoli, 2014, 2020).

Apo6s a desova, os ovarios apresentam estruturas remanescentes dos foliculos
ovarianos ovulados denominados de foliculos pds-ovulatorios, além de ovocitos vitelogénicos
em degeneracdo, foliculos atrésicos, ovogdnias e ovoécitos perinucleolares nas lamelas
ovuligeras. Foliculos pds-ovulatérios nao tém atividade hormonal e s3o rapidamente
reabsorvidos apds a regressao do ovario (Santos et al., 2005, 2008). Diferente dos foliculos
pos-ovulatorios, aatresia folicular ocorre em condigdes naturais ou experimentais e pode ser
induzida por fatores tais como estresse, jejum, agentes toxicos, luz, temperatura,
confinamento e niveis hormonais inadequados (Saidapur, 1978). Em mamiferos, apesar do
grande numero de foliculos presentes nos ovarios, cerca de 99 % destes sofrem atresia
folicular logo apods o nascimento e sdo reabsorvidos pelos ovarios (Hsueh et al., 1994). Em

decorréncia do processo de atresia folicular somente cerca de 1% dos foliculos podem ser
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ovulados durante a vida reprodutiva, neste sentido, a atresia folicular atua como um
mecanismo de sele¢do natural dos foliculos que serdo ovulados (Hughes and Gorospe, 1991).

Em teleosteos, a atresia folicular ¢ frequentemente observada na fase vitelogénica,
entretanto foliculos pré-vitelogénicos e perinucleolares também podem sofrer atresia (Rizzo
and Bazzoli, 1995; Habibi and Andreu-Vieyra, 2007). Diversos fatores exdgenos podem
induzir atresia folicular em ovarios peixes, tais como hipofisectomia, irradiagdo, aplicagdo de
substancias anti-gonadotroficas, estresse térmico e confinamento (Linares-Casenave et al.,
2002; Sato et al., 2005). Diversos eventos caracterizam a atresia folicular tais como:
fragmentacdo do envelope nuclear com liberagdo do material genético para o ooplasma,
liquefacdo do vitelo, formagdo de fendas na zona radiata, hipertrofia das células foliculares,
seguido por reabsor¢do progressiva do vitelo, fragmentos da zona radiata e remanescentes do
ovocito (Saidapur, 1982; Santos et al., 2005).

A elimina¢do dos foliculos atrésicos € um processo coordenado por hormonios,
envolvendo morte celular por apoptose (Hsueh et al., 1994; Kaipia and Hsueh, 1997). Estudos
com diferentes espécies de peixes relatam apoptose como um evento tardio da atresia
folicular, uma vez que nas fases iniciais, as células foliculares estao ativamente envolvidas na
reabsorc¢ao do vitelo e remanescentes do ovocito em degeneracdo (Santos et al., 2008; Morais
et al., 2012). Além da via apoptotica, a autofagia pode ser uma via alternativa para a
eliminacgdo celular na atresia folicular (Choi ef al., 2010; Escobar ef al., 2012; Cassel et al.,
2017). Entretanto, ainda h4 lacunas no conhecimento quanto a interacdo da autofagia e

apoptose na manutencao e morte das células foliculares durante a regressao folicular.

1.5.2. Espermatogénese

Diferentemente dos mamiferos, a espermatogénese em peixes ocorre no interior de
estruturas denominadas cistos onde células de Sertoli estdo em contato com clones de células
germinativas em uma mesma fase de desenvolvimento (Nobrega et al., 2009; Schulz et al.,
2010a). Os cistos se formam quando uma espermatogonia tipo A indiferenciada (GAing) €
completamente envolvida pelos prolongamentos das células de Sertoli. As GAing podem
permanecer em estado quiescente, autorrenovarem-se € dar origem a espermatogonias tipo
Aditt (GAdir). As GAuir através de sucessivas divisdes mitdticas originardo espermatogonias
secundarias (Gg), obtendo assim, um aumento geométrico de células germinativas com

redu¢do do diametro nuclear (Grier, 1981; Schulz et al., 2012). Os clones das células
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germinativas resultantes das divisdes mitdticas permanecem ligados entre si por pontes
citoplasmaticas, devido a citocinese incompleta responsavel pelo desenvolvimento sincronico
destas células (Schulz and Nobrega, 2011). As Gg diferenciam-se em espermatdcitos
primarios (Ci) e durante a profase meidtica (leptdteno, zigéteno, paquiteno, diploteno)
ocorrem os processos de recombinagdo e segregacdo génica, importantes para a diversidade
da espécie e producdo de RNAm essenciais para a fase espermiogénica (Cobb and Handel,
1998; Schulz et al., 2010a). Apos a segunda divisdo meidtica, os espermatdcitos secundarios
(C») darao origem as espermatides (T).

Na espermiogénese, uma série de alteragdes morfologicas tais como condensacdo da
cromatina, eliminagdo de corpos residuais, formagao da peca intermediaria e do flagelo levam
a diferenciacdo das espermatides (T) em espermatozoides (Z). Ao final do processo
espermatogénico, as pontes citoplasmaticas entre as células germinativas e as jungdes das
células de Sertoli sdo rompidas, culminado com a liberagdo dos espermatozdides recém-
formados no lumen dos tubulos seminiferos (Batlouni et al., 2009).

Os eventos observados durante a espermatogénese sao fortemente regulados pelo eixo
hipotdlamo-hipofise-gonada. Assim, estimulos ambientais como chuva, fotoperiodo e
temperatura estimulam o hipotdlamo a produzir os fatores liberadores de hormonios
gonadotroficos (GnRH), que por sua vez induzem a hipoéfise a produzir e liberar hormdnio
foliculo estimulante (FSH) e hormonio luteinizante (LH) (Weltzien ef al., 2004). O FSH atua
nas células de Leydig estimulando a conversdo de 17a- hidroxiprogesterona em testosterona
(T), a qual posteriormente serd substrato para produgdo de 11-ketotestosterona (11-KT),
ambos atuando durante a maturacdo testicular principalmente na divisdo mitotica,
diferenciagdo das espermatogonias e na espermiacao (de Waal et al., 2009).

A apoptose durante a espermatogénese ¢ essencial a manutencdo da homeostase, e
modifica¢des nas proteinas chave desta via estdo associados a alteragdes no desenvolvimento
normal da espermatogénese (Russell et al., 2002). Estudos recentes em mamiferos mostram
que sob condigdes de estresse (jejum, calor, exposi¢do a produtos quimicos ambientais e
radiagdo) a autofagia aumenta para manter a sobrevivéncia destas células germinativas e inibir
a apoptose (Zhang et al., 2012; Yin et al., 2017). Em peixes, o conhecimento da fun¢do e
interacdo das vias de sinalizagdo da autofagia e apoptose ¢ limitado, especialmente na

espermatogénese.
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1.6. Restricao alimentar

Durante o ciclo de vida, algumas espécies de peixes enfrentam longos periodos de
privacao alimentar devido a escassez de alimento, como ocorre nos meses de inverno. Durante a
migragdo para reproducdo e no estadio de pré-desova os peixes utilizam as reservas armazenadas
durante o verdo (periodo chuvoso) (Navarro e Gutiérrez, 1995). Entretanto, sabe-se que longos
periodos de jejum podem afetar negativamente o crescimento, a reproducao e a saide dos animais
(Jobling, 2015).

Os niveis metabolicos de carboidratos, proteinas e lipideos sdo afetados pela restricao
alimentar de modo variavel entre as espécies e podem ainda apresentar diferencga intraespecifica,
de acordo com alguns fatores, como idade do animal e sua condi¢do nutricional (Wang et al.,
2006; Furné e Sanz, 2017). Espécies carnivoras, por exemplo, podem apresentar melhor tolerancia
aos efeitos da restricdo alimentar. Ja as espécies de habito alimentar herbivoro e onivoro, onde a
ingestdo de alimentos ocorre com maior periodicidade (como a tilapia) sdo menos tolerantes a
longos periodos de jejum (McCue, 2010). Além disso, as consequéncias da restri¢ao alimentar sdo
mais pronunciadas em larvas e juvenis do que em peixes adultos, que apresentam maior
quantidade de reservas energéticas (Gadomski and Petersen, 1988).

A tilapia do Nilo pode passar por periodos de restricdo alimentar em fungao da oscilagdo
natural na disponibilidade de alimento ou durante o cuidado parental (Barreto et al., 2003). Na
aquicultura, essa espécie pode sofrer inani¢do na fase de pré-despesca, durante o transporte,
selecdo, estocagem ou em dietas onde se utiliza uma estratégia alimentar com ciclos de restricao e
realimentacdo, para a otimizacdo do desempenho produtivo, por meio do crescimento

compensatorio, mecanismo observado em algumas espécies incluindo O. niloticus (Palma et al.,

2010).

1.7. Tilapia de Nilo

As tilapias sdo o segundo grupo de peixes de dgua doce mais cultivado no mundo,
logo apos a carpa (Food and Agriculture Organization of the United Nations (FAO), 2016). A
espécie Oreochromis niloticus também conhecida por tilapia do Nilo ¢ oriunda das bacias do
rio Nilo, Niger e Senegal (leste e oeste da Africa), sendo introduzida no Brasil em 1971,
inicialmente na regido nordeste e, a partir de entdo distribuida pelo pais (Castagnolli, 1992).
Espécie onivora, a tilapia do Nilo se alimenta de algas, fitoplancton, zooplancton, ovos e

larvas de peixes e detritos. A fémea apresenta comportamento de cuidado parental incubando



22

ovos fertilizados na cavidade bucal até a liberagao dos alevinos. Durante a incubagao dos
ovos, a fémea ndo se alimenta, mantendo-se por um periodo de 10 a 12 dias em jejum até a
liberacao dos alevinos (Barreto et al., 2003). Em cultivo, a tilapia desova de 1.500 a 2.000
ovos com intervalos de 28 dias entre desovas consecutivas em temperatura da agua acima de
24°C (Zanoni et al., 2000). Além disso, esta espécie se adapta facilmente a sistemas de
producdo e a diferentes condi¢des ambientais, apresenta facilidade de reprodugdo e rapido
crescimento corporal (Castagnolli, 1992). Esse conjunto de qualidades altamente positivas
torna a tilapia do Nilo um modelo experimental interessante para estudos morfofisiologicos da

gametogénese em condicdes de cultivo.

2.0 . JUSTIFICATIVA

Autofagia e apoptose sdo processos fisiologicos fundamentais para o desenvolvimento
correto ¢ manuten¢do dos tecidos em organismos multicelulares (Mizushima and Komatsu,
2011; Romano, 2013; Ryter et al., 2013; Song et al., 2017). Atualmente tem se observado um
interesse crescente da comunidade académica no melhor entendimento das vias autofagicas e
apoptodticas e suas complexas interagdes. A disfungdo desses processos tem sido associada ao
aparecimento e desenvolvimento de muitas patologias cronicas humanas, como doengas
cardiovasculares, metabolicas e neurodegenerativas, além do cancer, e o conhecimento exato
dos alvos que inibem e induzem a autofagia auxilia no desenvolvimento de novos farmacos.
Estudos recentes em outros vertebrados como peixes (Han ef al., 2019; Sales et al., 2019; Xia
et al., 2019), aves (Gong, 2019; Shi et al., 2019) e repteis (Chen et al., 2019; Vistro et al.,
2019) reportam a participacdo autofagia em diferentes processos fisiologicos. Neste trabalho
nos utilizamos a tiladpia do Nilo para o estudo dessas vias e suas interagdes durante a
gametogeénese e regressao folicular. A tilapia do Nilo se destaca como modelo experimental
por apresentar caracteristicas apreciaveis como: rapido crescimento corporal, facil
reprodugdo, adaptacdo a uma ampla faixa de condigdes ambientais, resisténcia a doengas e
infec¢des, e tolerancia ao estresse (Little e Hulata, 2000). Além disso, em fémeas desta
espécie o estudo da interagdo entre autofagia e apoptose durante a regressdo ovariana se torna
apreciavel, pois nos ovarios da tilapia do Nilo as trés fases (inicial, avancada e tardia) da
atresia folicular sdo encontradas simultaneamente nos ovarios paralelamente ao
desenvolvimento dos foliculos, desta forma permitindo a avaliacdo da dindmica das proteinas

autofagica e apoptotica durante todo o ciclo reprodutivo (Melo et al. al 2014, 2015). Nestes
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animais, a rapida recuperacdo ovariana ap6s desova (3 a 4 semanas, intervalo entre desovas) €
também ponto favoravel para o estudo da regressao folicular (Melo et al., 2014). Além disso,
o conhecimento do papel e dos mecanismos pelos quais a via autofagica atua durante a
espermatogénese de peixes ainda ¢ incipiente. Neste sentido, o uso da restricao alimentar,
como indutor da via autofigica durante a espermatogénese de tildpia do Nilo e as
caracteristicas favoraveis da estrutura testicular dessa espécie sdo ferramentas interessantes

para o melhor conhecimento da sinalizagdo autofagica nos testiculos de peixes.

3.0. OBJETIVOS

3.1. OBJETIVO GERAL
Investigar a interacdo entre os processos de autofagia e apoptose na atresia folicular e na

espermatogénese da tilapia do Nilo Oreochromis niloticus em condigdes de cultivo.

3.2. OBJETIVOS ESPECIFICOS

e Analisar os padroes de expressio de proteinas e a interacdo das vias
autofagica/lisossomal (Beclin-1, LC3 e catepsina-D) e apoptdtica (Bcl-2 e Bax) em
diferentes fases da atresia folicular;

e Avaliar os efeitos da restricdo alimentar total e intermitente sobre a espermatogénese,
niveis plasmaticos de esteroides sexuais e de cortisol, e parametros bioquimicos do
sangue (glicose, triglicérides, colesterol e proteina total);

e Investigar a expressdo e interagdo de proteinas das vias autofagica/lisossomal e

apoptotica durante espermatogénese em condi¢des nutricionais distintas

4.0. RESULTADOS

4.1. CAPITULO 1: (artigo publicado na revista Molecular Reproduction and
Development)

Autophagy and Cathepsin D mediated apoptosis contributing to ovarian follicular atresia in
the Nile tilapia: Sales CF, Melo RMC, Pinheiro APB, Luz RK, Bazzoli N, Rizzo E. Mol
Reprod Dev. 2019 Nov;86(11):1592-1602. doi: 10.1002/mrd.23245.
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4.2. CAPITULO 2: (artigo publicado na revista Molecular and Cellular Endocrinology)
Effects of starvation and refeeding cycles on spermatogenesis and sex steroids in the Nile
tilapia Oreochromis niloticus: Sales CF, Pinheiro APB, Ribeiro YM, Weber AA, Paes-Leme
FO, Luz RK, Bazzoli N, Rizzo E, Melo RMC. Molecular and Cellular Endocrinology 500
(2020) 110643. doi.org/10.1016/j.mce.2019.110643

4.3. CAPITULO 3: Autophagy and apoptosis during fish spermatogenesis: insights from
Nile tilapia
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4.1. CAPITULO 1: Autophagy and Cathepsin D mediated apoptosis contributing to ovarian
follicular atresia in the Nile tildpia: Sales CF, Melo RMC, Pinheiro APB, Luz RK, Bazzoli N,
Rizzo E. Mol Reprod Dev. 2019 Nov;86(11):1592-1602. doi: 10.1002/mrd.23245.
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1 | INTRODUCTION

Abstract

Follicular atresia is a hormonally controlled degenerative process involving apoptosis
of the somatic and germ cells. Since different signaling pathways can induce cell
death, the aim of the present study was to investigate cell death signaling and
crosstalk between autophagic, apoptotic, and lysosomal proteins during follicular
atresia in Nile tilapia. For this, females were kept in controlled conditions for 21 days,
and ovary samples were collected weekly. The atretic follicles (AF) were analyzed in
three regression phases: Early, advanced, and late. Under electron microscopy, the
follicular cells exhibited numerous protein synthesis organelles in the early AF.
Immunoreactivity for Bcl2, Beclin1, Lc3, and Cathepsin D increased significantly in
advanced AF (p <.001), when follicular cells were in intense yolk phagocytosis. In this
phase, autophagosomes and autolysosomes were frequently observed. In the late AF,
follicular cells had a markedly electron-lucid cytoplasm and immunoreactivity for Bax
and TUNEL assay indicated an elevated apoptosis rate. Colocalisation of Lamp1/
Cathepsin D and Lc3/Caspase-3 suggests dynamic crosstalk between the autophagy,
apoptosis, and lysosome pathways. Taken together, the data indicate that autophagy
plays a role in the homeostasis and clearance of the follicular cells preceding

Cathepsin D mediated apoptosis during follicular atresia in Nile tilapia.
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et al, 2018). In teleost fish, recent studies indicate that autophagy
can be involved in follicular atresia (Cassel, Camargo, Jesus, &

Follicular atresia is a natural degenerative process that occurs at
different stages of development and is essential for ovarian home-
ostasis in vertebrates (Zhou, Peng, & Mei, 2019). This process is
finely regulated by a hormonal balance and expression of prolifera-
tion, differentiation, and cell death factors (Craig et al., 2007; Kaipia
& Hsueh, 1997; Lin et al., 2012). During follicular atresia, a drastic
tissue remodeling occurs in the ovaries, with morphological changes
of the somatic and germ cells followed by cell death by apoptosis
(Hsueh, Billig, & Tsafriri, 1994; Santos et al., 2008). However, non-
apoptotic processes, such as autophagy, can contribute to the

efficient elimination of granulosa cells in mammals (Repnik Meng

Borella, 2017; Morais, Thomé, Lemos, Bazzoli, & Rizzo, 2012; Morais,
Thomé, Santos, Bazzoli, & Rizzo, 2016; Thomé et al., 2009), but the
interactions between these signaling pathways are not fully
elucidated.

Apoptosis is a programmed cell death pathway that requires
specialised protein machinery and can be triggered by endogenous
and exogenous factors (Elmore, 2007; Takle & Andersen, 2007).
Proteins of the Bcl2 family actively participate in the regulation of
this pathway, acting as inducers or repressors of apoptosis (Polcic,
Jaka, & Mentel, 2015; Shimizu, Narita, & Tsujimoto, 2000). Bcl2

protein has an antiapoptotic function by inhibiting the action of
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proapoptotic proteins such as Bax, which can form pores in the outer
mitochondrial membrane with the release of cytochrome c that
triggers the activation of caspases (Antonsson, 2001; Zamorano
et al,, 2012). In some cell types, autophagy may play a role in inducing
apoptosis signaling (Nikoletopoulou, Markaki, Palikaras, & Tavernar-
akis, 2013; Tsujimoto & Shimizu, 2005).

Autophagy is a complex catabolic mechanism involving the
transport of cytoplasmic components to the lysosome (Sever &
Demir, 2017). Key proteins of the autophagic pathway, such as
Beclin1 and microtubule-associated protein light chain 3 (Lc3), are
conserved among species and are widely used as autophagic markers
(Chifenti et al., 2013; Mathai, Meijer, & Simonsen, 2017). Beclin1
promotes autophagic nucleation and the recruitment of cytosolic
proteins essential for autophagosome formation (Kang, Zeh, Lotze, &
Tang, 2011). The Lc3 protein can be found in the cytosolic form (Lc3l)
and lipid form (Lc3ll), which is conjugated to the phosphatidyletha-
nolamine of the cell membranes. The lipid form (Lc3Il) is required for
autophagosome membrane elongation, thus characterizing the
autophagic flow (Klionsky et al., 2012). Lysosome-associated mem-
brane proteins (Lamp1l and 2) are required in the fusion of the
autophagosome with the lysosome and the formation of a hybrid
organelle, autolysosome, enriched in hydrolytic enzymes, reactive
oxygen species, and antimicrobial peptides (Huynh et al., 2007).

Recent studies indicate that lysosomes may actively contribute
and/or amplify cell death response (Serrano-Puebla & Boya, 2018;
Zhou et al., 2017). To perform this function, hydrolytic enzymes such
as Cathepsin D (Ctsd) are released from lysosomes into citosol. Ctsd
is the major endolysosomal hydrolytic enzyme, and it is widely
associated with the intrinsic and extrinsic apoptotic pathways when
free in the cytoplasm, acting on the degradation of antiapoptotic
proteins, permeabilization of the mitochondrial membrane, and
induction of caspase-dependent or independent cell death (Gomez-
Sintes, Ledesma, & Boya, 2016).

The signaling pathways of apoptosis and autophagy have
converging points with proteins that can act in both processes.
Under nonlethal stress, autophagy may precede apoptosis, avoiding
local inflammation, but in some conditions, autophagy may lead to
cell death by apoptosis with caspase-8 activation and degradation of
apoptosis inhibitors (Doherty & Baehrecke, 2018; Nikoletopoulou
et al, 2013). When apoptosis is triggered, there is a caspase-
mediated cleavage of essential proteins for autophagy (Kang et al.,
2011; Sever & Demir, 2017). Among the caspases, Caspase-3 (Casp3)
is a key effector molecule of the apoptotic program, which is
responsible for the proteolytic cleavage of a wide range of cellular
proteins that lead to the characteristic morphological changes of
apoptosis (Huettenbrenner et al., 2003).

The Nile tilapia Oreochromis niloticus (Linnaeus, 1758) is one of
the most cultivated fish species in the world and has often been used
in experimental studies on reproductive physiology and develop-
ment, due to its ease of breeding in captivity (Coward & Bromage,
2000; FAO, 2018). As well as in other teleost species, follicular
atresia in Nile tilapia occurs during follicular growth but is more

frequent in vitellogenic follicles that were not spawned in the

reproductive season (Miranda, Bazzoli, Rizzo, & Sato, 1999; Santos
et al., 2008). In this species, the follicular atresia is a good model to
study the cell death pathways since females breed every three to 4
weeks under optimum cultivation conditions, and atretic follicles (AF)
are present throughout the reproductive cycle (Melo, Martins, Luz,
Rizzo, & Bazzoli, 2015; Melo et al., 2014). To improve the knowledge
of cell death mechanisms regulating follicular atresia, we investigated
the expression, interaction, and dynamics existing between key
proteins of autophagy and apoptosis pathways and the crosstalk with
lysosomal proteins in different phases of follicular atresia in Nile
tilapia.

2 | RESULTS

2.1 | Morphological dynamics of follicular
regression

Follicular atresia in the ovaries of O. niloticus was analyzed in three
phases of regression, according to morphological characteristics of
the AF: Early (AFg = 530.90 + 30.26 mm?), advanced (AF, = 341.25 +
19.73mm?), and late (AF_=186.96%21.70 mm?). During follicular
regression, there was a progressive reduction of the yolk and a
gradual increase in the proportion (%) of follicular cells and theca
(Table 1). Histologically, early atretic follicles (AFg) presented folds
and fine slits in the zona radiata, degradation of the yolk, and a fine
connective theca (Figure 1a). In the ultrastructure, follicular cells
exhibited protein synthesis organelles, electron-dense granules, and
lysosomes (Figure 1b,c). At this stage, the follicular cells remained
intimately attached to the basal lamina and exhibited cell-cell
adhesion (Figure 1d). In advanced atretic follicles (AF ), the follicular
cells became hypertrophied and presented intense phagocytic
activity, especially engulfing the yolk and remains of the zona radiata
(Figure 1e). In addition to yolk phagocytosis, the follicular cells had
numerous autophagic structures, that is, autophagosomes with
degenerating organelles, autolysosomes, and large lysosomes
(Figure 1f-h). The late atretic follicles (AF,) exhibited follicular cells
in degeneration and complete reabsorption of yolk and zona radiata
(Figure 1i). Under electron microscopy, some follicular cells showed
highly electron-lucid cytoplasm with degenerating organelles

(Figure 1j). The typical nuclear pattern of apoptosis, large

TABLE 1 Proportion (%) of the atretic follicle components during
follicular atresia in the Nile tilapia, Oreochromis niloticus

AFg AF, AF,
Follicular cell 6.85+0.21°  3322+085°  70.60+1.18°
Theca cells 400+0,10° 6.50+0.20° 5.30 +£0.24%
Zona radiata 4.51+0.09° 9.56 +0.34° 7.82+0.44°
Yolk 84.50+0.31>  50.44:0.80° 16.78 £ 0.64°

Note: Values represent mean * standard error of 50 atretic follicles. In the
same line, different letters indicate significant differences (p <.05).
Abbreviations: AF: advanced atretic follicles; AFg: early atretic follicles;
AF_: late atretic follicles.
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FIGURE 1 Histological sections stained with hematoxylin-eosin (a, €, i) and electron microscopy (b-d, f-h, j-I) of ovaries during early (a-d),
advanced (e-h), and late (i-1) regression of the atretic follicle (AF) in O. niloticus. (a) Early atretic follicle (AFg) with irregular shape, yolk (Y) at the
beginning of liquefaction (*) and ripples in the zona radiata (ZR) black arrowhead (a-inset). (b) Follicular cell (FC) with euchromatic nucleus (N)
and cytoplasm filled with electron-dense granules (EG) and lysosomes (L). (c) FC with numerous endoplasmic reticulum (ER), mitochondria (M),
Golgi (G), and L in the cytoplasm. (d) FC connected to the basal lamina (LB) and adjacent cells by desmosomes (d-inset). (e) In advanced atretic
follicle (AF4), the zona radiata (ZR) black arrowhead (e-insert) and yolk (Y) were engulfed by FC. (f, g, h) FC with autophagosomes (AF)
containing organelles debris (mitochondria, electron-dense granules, and other cytoplasmic materials), autolysosomes (AL) and large lysosomes
(L). (i) Late atretic follicle (AF,) showing residual ZR* and FC* in regression. (j) Highly electron-lucid FC with degenerated organelles (white
arrows). (k) Apoptotic nuclei (N) with chromatin attached to the nuclear envelope in FC. (I) Multilamellar body (MB) and apoptotic body (AB)
with degenerate nucleus and other organelles debris (white arrows). Scale bars: (a, e, i) 100 ym, (b-d, f-h, j-I), 0.5 um [Color figure can be viewed
at wileyonlinelibrary.com]

multilamellar, and apoptotic bodies were frequently observed in the cells presented autophagic activity concomitant with yolk phagocytosis

follicular layer (Figure 1k,l). (Figure 2d-f). At this stage, theca cells were also positive for autophagic
proteins and weakly labeled for Ctsd (Figure 2f). In AF, immunostaining

for autophagic proteins was less intense in follicular cells (Figure 2g-i).

22 |
Ctsd

Labeling pattern of autophagy proteins and

Morphometric analysis of the immunoreactions showed a peak of Lc3,
Beclini, and Ctsd in follicular cells in AF, (p <.001; Figure 2j-I). In theca

Beclin, Lc3, and Ctsd showed a similar pattern of immunostaining during
follicular regression. In AFg, the reactivity for these proteins was found in
granules dispersed mainly around the nucleus of follicular cells, while the
theca cells exhibited sparse positive immunostaining in the cytoplasm.

(Figure 2a-c). During advanced follicular atresia, some follicular

cells, the expression of Lc3 and Beclinl followed the same pattern
displayed by follicular cells, however, with reduced labeling. Lc3I to Lc3lI
conversion was detected by Western blot analysis in ovaries of O.
niloticus, and Lc3ll labeling was higher in ovaries with AF than in ovaries
without AF (Figure 2m).
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FIGURE 2 Immunofluorescence for Beclin1, Lc3, and Cathepsin D (Ctsd; green) during follicular atresia in the Nile tilapia. Nuclei are stained
with 4/,6-diamidine-2’-phenylindole dihydrochloride (DAPI; blue). (a-f) Follicular and theca cells (FC, TC) showing intense cytoplasmic
immunoreactivity for Beclini, Lc3, and Ctsd in the early atretic follicle (AFg) and advanced atretic follicle (AF,), (f) except TC labeled for Ctsd.
(d) FC with heterophagic vacuoles (star) in AFa. (g, h, i) Weak and punctual immunostaining in FC in the late atretic follicle (AF.). (j-I) Relative
proportion (%) of follicular and theca cells positive for Beclin1, Lc3, and Ctsd during follicular atresia in O. niloticus. Values are mean + SEM.
Different letters indicate significant differences (p <.001; Kruskal-Wallis, Dunn’s post hoc) between the phases of the follicular atresia. (m)
Conversion of Lc3l to L3Il in immature ovaries (Imature. ov) which presented only perinucleolar follicles and spawned ovaries (Spawning. ov)
which presented several atretic follicles in different regression phases. Scale bars (a, d-h) 15 um (b) 20 um (c, i) 10 um. SEM: standard error of
the mean [Color figure can be viewed at wileyonlinelibrary.com]

2.3 | Apoptosis immunostaining changed throughout the follicular regression (Figure 3).

. . . . Although Bcl2 was expressed in all phases of the regression,
The labeling of antiapoptotic Bcl2 and proapoptotic Bax was observed . L . .
X . . morphometric analyses demonstrated a significant increase during
in the cytoplasm of follicular and theca cells throughout follicular o .
. . . . AF A (p <.001) compared to AFg, followed by a significant reduction in
regression; however, the expression pattern and intensity of the
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FIGURE 3 Immunofluorescence for Bcl2 and Bax (green) (a, ¢, e, g, i, k), Terminal Deoxynucleotidyl Transferase (TdT) dUTP nick-end labeling
(TUNEL) assay (d, h, ) and immunoperoxidase for Bax (b, f, j) during follicular atresia in the Nile tilapia. Nuclei are stained with 4’,6-diamidine-2’'-
phenylindole dihydrochloride (DAPI) (blue). (a, e) Bcl2 positive follicular cells (FC) with autophagic vacuoles (asterisks) and theca cells (TC)
showing intense cytoplasmic immunoreactivity in the early atretic follicle (AFg)and advanced atretic follicle (AF,). (b-d and f-h) AFg and AF
presented FC and TC with weak and punctual immunolabelling for Bax and TUNEL reaction. (j-I) late atretic follicle (AF,) presented a strong
reaction for Bax and many TUNEL-positive cells. (m-o0) Relative proportion (%) of follicular and theca positive cells for Bcl2, Bax, and TUNEL
during follicular atresia in O. niloticus. Values are expressed as mean + SEM. Different letters indicate significant differences (p <.001)
(Kruskal-Wallis, Dunn’s post hoc) between the phases of follicular atresia. Scale bars (c, g, k) 10 um, (a, e, i) 15um, (b, f, j, h, 1) 20 um, and (d)
50 um. SEM: standard error of the mean [Color figure can be viewed at wileyonlinelibrary.com]

the AF, (Figure 3m). In contrast, immunostaining for Bax and Terminal 2.4 | Crosstalk between autophagy, apoptosis, and
Deoxynucleotidyl Transferase (TdT) dUTP Nick-End Labeling (TUNEL) Ctsd
assay showed a gradual increase, which was significantly higher in AF_

. To verify the interaction between autophagy and apoptosis, we
(p <.001; Figure 3n,0).

colocalized Lc3/Casp3. In AFg, positive cells for Casp3 (red) were rarely
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FIGURE 4 Double-labeling for Lc3 (green) and Caspase-3 (Casp3) (red) during follicular atresia in the Nile tilapia. Nuclei are stained with
4’ 6-diamidine-2’-phenylindole dihydrochloride (DAPI) (blue). (a-f) Follicular cells (FC) with poor immunostaining for Casp3, in contrast to the
strong reaction for Lc3 in the early atretic follicle (AFg) and advanced atretic follicle (AF ). (g-i) Punctual colocalization between Lc3 and Casp3
(yellow) in late atretic follicle (AF,) (g-i). Scale bars (a-i) 15 um [Color figure can be viewed at wileyonlinelibrary.com]

observed while positive cells for Lc3 (green) were predominant, and there
was no colocalization between these proteins (Figure 4a-c). In AF,, the
frequency and intensity of the labeling increased for both proteins, and
colocalization regions were eventually found (Figure 4d-f). In AF, Lc3/
Casp3 colocalization was clearly evident (yellow) in the cytoplasm of
follicular cells (Figure 4g-i).

Ctsd/Lamp1 colocalization was evaluated to verify whether Ctsd
was in the lysosomal compartment or in the cytosol (Figure 5).
Immunostaining for Lamp1 (red) and Ctsd (green), as well as the
colocalization of these proteins (yellow), occurred in thin granules in
the cytoplasm of follicular cells, indicating the presence of Ctsd inside
the lysosomal compartment in AFg and AF, (Figure 5a-f). In AF,
Ctsd/Lamp1 colocalization (yellow) became restricted to specific
areas in the follicular cells. In these cells, positive areas for Ctsd
(green) were found, suggesting partial translocation of Ctsd from

lysosomes to the cytosol (Figure 5g-i).

3 | DISCUSSION

In this study, we report the immunolabelling of key proteins of the
autophagic (Lc3 and Beclinl) and apoptotic (Bax, Bcl2, and Casp3)
pathways and the interaction of these pathways with lysosomal proteins
(Lamp1 and Ctsd) in different phases of ovarian follicular atresia in Nile
tilapia. The results showed that these cellular mechanisms act

cooperatively for an efficient regression and elimination of AF and are
essential processes in the ovarian remodeling in teleost fish.

The presence of abundant rough endoplasmic reticulum and a
developed Golgi complex detected in the follicular cells of AFg can be
related to the protein synthesis of autophagic and apoptotic
machinery (Kishi-ltakura, Koyama-Honda, Itakura, & Mizushima,
2014; Lamb, Yoshimori, & Tooze, 2013). The presence of autophagic
vacuoles labeling for Beclinl and Lc3 as well as conversion of Lc3l to
Lc3Il suggest that autophagy is intensely active during advanced
follicular atresia. In addition, this period is also marked by intense
phagocytosis of the yolk and oocyte remnants by the follicular cells.
Thus, autophagy and phagocytosis convergence account for efficient
elimination of extracellular and intracellular components of the AF.

In the AF,, theca cells showed increased labeling for autophagic
proteins, but they were weakly stained for Ctsd, possibly because
these cells did not perform phagocytosis. The low vascularization of
the theca during most of the follicular regression (Miranda et al.,
1999) may justify the induction of autophagy to maintain cell
homeostasis through clearance and selective removal of protein
aggregates and dysfunctional organelles (Ryter, Cloonan, & Choi,
2013; Sever & Demir, 2017). However, under prolonged metabolic
stress, autophagy may contribute to the provision of energy for
apoptotic execution (Chiarelli, Agnello, Bosco, & Roccheri, 2014;
Kriel & Loos, 2019). In support of this hypothesis, we observed
follicular cells with highly electron-lucid cytoplasm and a shortage of
organelles under the electron microscope. In some models, an
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FIGURE 5 Double-labeling for Cathepsin D (Ctsd) (green) and Lamp1 (red) during follicular atresia in the Nile tilapia. Nuclei are stained with
4’ 6-diamidine-2’-phenylindole dihydrochloride DAPI (blue). (a-f) FC with colocalization between Ctsd and Lamp1 (yellow) in the early atretic
follicle (AFg) and advanced atretic follicle (AF,). (g-i) late atretic follicle (AF,) with colocalization limited to specific areas of the cytoplasm and
positive areas only for Ctsd (green labeling and white arrow). Scale bars = 10 um [Color figure can be viewed at wileyonlinelibrary.com]

exacerbated autophagy can lead to excessive cleavage of prosurvival
molecules and organelles essential for cellular viability, inducing
autophagy-dependent cell death (Gémez-Sintes et al, 2016). In
Drosophila, autophagy may induce activation of Casp3 and DNA
fragmentation during oogenesis (Nezis et al., 2010). Similarly, after
the increase of the autophagic proteins in AFa, our results showed a
significant increase of TUNEL-positive cells and Casp3 expression
during late follicular atresia.

Apoptosis can be identified through typical morphological
characteristics such as chromatin condensation around the nuclear
envelope, loss of cell-cell and cell-basal lamina adhesion, and cell
fragmentation into apoptotic bodies (Drummond, Bazzoli, Rizzo, &
Sato, 2000; Elmore, 2007; Morais et al., 2016; present study). The
internucleosomal DNA cleavage pattern (DNA ladder) in apoptosis
was also found in atretic ovaries (Santos et al., 2008). Moreover, we
found a significant increase of follicular and theca cells labeled for
Bax and TUNEL reaction, in addition to immunostaining for Casp3 in
the AF,. Thus, the data obtained on Casp3-dependent apoptosis in
follicular atresia are highly consistent. In addition, the significant
increase in the labeling for antiapoptotic Bcl2 protein in AF 5 suggests
a crucial role for the follicular cells in the maintenance of cell viability
during yolk and oocyte remnants resorption. Therefore, Bcl2
expression is capable of inhibiting the expression of proapoptotic
proteins, such as Bax (Polcic et al., 2015).

The interplay between autophagy and apoptosis signaling path-

ways has attracted increasing attention in recent years, although

little is known about the interaction points between them (Gump &
Thorburn, 2011; Marifio, Niso-Santano, Baehrecke, & Kroemer,
2014). The concomitant increase of Beclinl and Bcl2 observed in
AF suggests the interaction of these pathways during follicular
atresia in the Nile tilapia. Studies show that the binding of Bcl2 to the
BH3 domain of Beclinl inactivates the autophagy (Kang et al., 2011,
Zalckvar et al.,, 2009). However, high levels of Bcl2 in the context
presented in this study may contribute to the maintenance of
autophagy and follicular cell survival in AFa. In the AF, Lc3/Casp3
colocalization may be due to cleavage of Lc3 by Casp3 and activation
of apoptosis. In fact, recent evidence demonstrates that the caspases
may act on the cleavage of autophagic proteins such as Beclin1 and
Atg3, inhibiting the pro-autophagic activity of these proteins (Cassel
et al, 2017; Luo & Rubinsztein, 2010; Oral et al.,, 2012; Zhu et al,,
2010).

In this study, we also reported the dynamics of Ctsd lysosomal
protease through colocalization with Lamp1, a lysosomal membrane
protein. The peak of Ctsd in AF5 may be related to yolk degradation
and removal of cell remnants (Carnevali, Cionna, Tosti, Lubzens, &
Maradonna, 2006). Hence, Ctsd/Lamp1 colocalization in the follicular
cells indicates that Ctsd is located inside the lysosomal compartment
in AFa The partial release of Ctsd to the cytosol occurred in AF,
since Ctsd/Lamp1 colocalization was restricted to some cytoplasmic
areas. The destablization of the lysosomal membrane leads to the
release of Ctsd into the cytosol with mitochondrial membrane
of effector caspases, and

disturbance, activation apoptosis
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(Gémez-Sintes et al., 2016; Repnik, Stoka, Turk, & Turk, 2012). In this
sense, the release of Ctsd into the cytosol in the follicular cells during
late follicular atresia of Nile tilapia can amplify the cell death
response by apoptosis. Similarly, in cells cultured under serum
deprivation, the inhibition of autophagy protects cells against
apoptosis, and the overexpression of Ctsd accelerates apoptosis,
suggesting that cell death is regulated by lysosomal proteinases and
cathepsins, downstream autophagy (Uchiyama, 2001). In contrast,
reduced Ctsd labeling and increased autophagy were related to
autophagic cell death in lymphoma cells under infection by the
Epstein-Barr virus (Hasui et al., 2011).

Taken together, our data suggest a complex network of
interactions between the autophagy and apoptosis signaling path-
ways with lysosomal protease regulating follicular atresia in fish
ovaries. Autophagy is essential to maintain follicular cell homeostasis
during yolk phagocytosis in the advanced phase of follicular atresia,
while Cathepsin D-dependent apoptosis may contribute to follicular

cell death during late follicular atresia.

4 | MATERIALS AND METHODS

4.1 | Experimental design and fish sampling

The experiment was carried out at the Aquaculture Laboratory
(LAQUA) of the Federal University of Minas Gerais (UFMG),
Southeastern Brazil, and the research was approved by the Ethics
Committee on Animal Use (CEUA 97/2011) of UFMG.

For breeding, adult specimens of O. niloticus were kept under
cultivation conditions at the ratio of three females to one male with a
water temperature of 28 + 1°C. After 3 days of stocking, females
were examined for egg incubation in the oral cavity. Following
removal of the offspring from the buccal cavity, 12 females were
transferred to a 5m® tank under controlled conditions with a
photoperiod of 12 hr:dark/12 hr light. Throughout the experiment,
the fish were fed ad libitum twice daily with commercial feed, and the
physicochemical parameters of the water were kept within the
optimal levels for tilapia cultivation (temperature: 29.5+ 1.5°C,
dissolved oxygen: 6.70+1.46 mgl %, pH: 7.68 +0.31, conductivity:
0.28 +0.05mS cm™?, total dissolved solids: 0.16 +0.03 g™, salinity:
0.12+0.02 ppt, and turbidity: 1.71+0.38 NTU).

To study the follicular atresia, three females were collected
weekly until 21 days after spawning, making a total of 12 individuals.
For this, the specimens were euthanized with a 285 mg/L eugenol
solution according to the ethical principles established by the
Brazilian College of Animal Experimentation (COBEA). Samples of
the middle region of the ovaries of each specimen were collected for

analysis by various techniques.

4.2 | Light and electron microscopy

Histology analyses were performed on ovary samples fixed in Bouin’s
fluid for 24 hr at room temperature, embedded in paraffin, cut into

5 um thickness, and stained with haematoxylin-eosin. For electron

microscopy analysis, small fragments were fixed in Karnovsky
solution (2.5% glutaraldehyde and 2% paraformaldehyde) in 0.01M
sodium phosphate buffer pH 7.3 for 24 hr at 4°C, postfixed in 1%
osmium tetroxide with 1.5% potassium ferrocyanide for 2 hr, and
then embedded in plastic resin Epon/Araldite. The ultrathin sections
were contrasted with uranyl acetate and lead citrate and examined
under a Tecnai G2-135 12 Spirit 120kV Transmission Electron
Microscope (FEI Company, Hillsboro).

4.3 | In situ TUNEL assay

Ovarian samples were fixed in buffered 4% paraformaldehyde for
24 hr at 4°C, embedded in paraffin, sectioned at 5 um thickness, and
submitted to the in situ TUNEL assay using the ApopTag Plus
Peroxidase S7101 Apoptosis Detection Kit (Millipore, Burlington). In
summary, the ovary sections were washed in phosphate-buffered
saline (PBS) pH 7.4 and treated with 20 ug/ml proteinase K in PBS for
15 min. To inactivate the endogenous peroxidase, 3% H,O, was used
in PBS for 10 min. Then, sections were incubated with TdT and
biotinylated deoxynucleotides for 1 hr at 37°C and, subsequently,
with anti-digoxigenin solution conjugated for 30 min at room
temperature. The reaction was revealed with 3,3’-diaminobenzidine
(DAB) for approximately 1 min, and the sections were counterstained
with haematoxylin. The negative control excluded treatment with
TdT and labeled deoxynucleotides.

4.4 | Immunohistochemistry

Immunofluorescence was used to localize the proteins of apoptosis,
autophagy, and lysosomes in the ovaries of the Nile tilapia. Serial
ovarian sections were also submitted to immunoperoxidase to
evaluate the immunoreactions following similar procedures used for
immunofluorescence. Ovarian samples were fixed in buffered 4%
paraformaldehyde for 24 hr at 4°C and the sections were submitted to
a boiling water bath for 20 min in 10 mM sodium citrate buffer pH 6.0
for antigen retrieval. Nonspecific binding block was performed with
blocking buffer (2% bovine serum albumin+0.05% Tween 20) for
45 min. Then, the sections were incubated with primary antibodies
(Table 2) in a humid chamber overnight at 4°C. Subsequently, sections

TABLE 2 Primary antibodies with dilution used in the immuno-
histochemical reactions

Primary antibodies Origin Dilution
Bcl2 polyclonal rabbit Santa Cruz Biotechnology  1:50
Bax polyclonal rabbit Santa Cruz Biotechnology  1:100
Casp3 monoclonal mouse Abcam 1:200
Beclin1 polyclonal rabbit Santa Cruz Biotechnology  1:100
Ctsd polyclonal rabbit Abcam 1:100
Lamp1 monoclonal mouse Abcam 1:200
Lc3 polyclonal rabbit Santa Cruz Biotechnology  1:200
Actin polyclonal mouse Sigma-Aldrich 1:500
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were incubated with anti-rabbit IgG secondary antibody conjugated to
Alexa Fluor 488 (1:500) or anti-mouse IgG conjugated to Alexa fluor
568 (1:500; Life Technologies, Carlsbad). Nuclear DNA labeling was
performed using 4’,6-diamidino-2-phenylindole (DAPI; 1:2000; Sig-
ma-Aldrich, St. Louis). Sections were examined using an Axio Imager
Z2-ApoTome 2 fluorescence microscope. For immunoperoxidase, the
sections were incubated in a dark chamber with 3% H,0O, for 30 min
for inactivation of the endogenous peroxidase. After treatment with
primary antibody, the sections were incubated with biotinylated
secondary antibody LSAB 2 System-HRP (Dako, Santa Clara) for 1 hr,
followed by streptavidin conjugated with peroxidase for 1hr. The
reactions were revealed with DAB, and the sections were counter-
stained with hematoxylin. For negative control, the primary antibody

was omitted.

4.5 | Western blot analysis

For detection of Lc3l to L3Il conversion and to confirm the specificity
of the antibodies used in the present study, the ovaries from three
females of the Nile tilapia were submitted to Western blot analysis
technique. Frozen ovary samples were sonicated in lysis buffer with
aprotinin and phenylmethylsulfonyl fluoride protease inhibitors and
centrifuged at 150,000g for 1 hr. The protein dosage was performed on
the supernatant according to Bradford (1976). For each sample, 80 ug
of protein in sample buffer was added to 15% polyacrylamide gel
electrophoresis and subsequently transferred to polyvinylidene difluor-
ide membrane. After transfer, nonspecific reactions were blocked with
skimmed milk powder for 1hr at room temperature. Then, the
membrane was incubated with primary antibody (1:500; Table 2)
overnight at 4°C. Finally, the membrane was incubated with anti-rabbit
IgG or anti-mouse IgG secondary antibody peroxidase-conjugated
dilution 1:750 (Sigma-Aldrich) for 2 hr and the reaction was revealed
using DAB. The specificity of the primary antibodies for Nile tilapia was
confirmed by a Western blot: Bcl2 ~29 kDa, Bax ~20 kDa, Casp~15 kDa,
Beclinl ~57 kDa, Ctsd ~29 kDa, Lamp1 ~100 kDa, Actin ~43 kDa, Lc3I
~18 kDa, and Lc3Il ~16 kDa.

4.6 | Morphometry

The area of AF was determined by the measurement of 50 follicles at
three regression phases: Early (AFg), advanced (AF,), and late (AF))
using AxioVision image analysis software coupled to a Zeiss Axoplan
2 microscope. For quantification, the proportion (%) of the follicular
components (yolk, zona radiata, follicular cells, and theca) of 50 AF
from each regression phase were quantified at x400 magnification
using the ImagelJ software with 690 grid points. This proportion was
determined considering the number of points on the follicular
components multiplied by 100 and divided by the total number of
points on the tissue. The immunoperoxidase reaction and TUNEL
assay were quantified for 20 representative AF from each regression
phase, and the proportion (%) of labeled follicular and theca cells was

calculated using the Image) software (Morais et al., 2016).

P Development

4.7 | Statistical analysis

Minitab 16.1 and GraphPad Prism 6.03 software was used in the
statistical analyses. The data did not show a normal distribution, and
therefore, the Kruskal-Wallis test followed by Dunn’s post hoc test
was used. Values were expressed as mean * standard error of the
mean and considered significant with a 95% confidence interval.
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ABSTRACT

Food restriction is part of the life cycle of many fish species; however, nutritional deficiency may negatively
influence gametogenesis and gonadal maturation. The aim of this study was to evaluate the effects of food
restriction on the spermatogenesis of Nile tilapia. For this, adult males were submitted to starvation and re-
feeding cycles (alternating periods of starvation and feeding) for 7, 14, 21, and 28 days. After 7 days of star-
vation, glycaemic and lipid levels were significantly reduced, followed by reduction of plasma testosterone (T)
and 11-ketotestosterone (11-KT). In addition, reduced proliferation of spermatogonia and increased apoptosis of
spermatocytes, spermatids, and spermatozoa was observed in starvation groups. In the refeeding groups, the sex
steroids and the proportion of germ cells had no significant alterations compared to the control group, except for
spermatozoa. In this sense, the present study suggests that starvation after 7 days progressively reduces T and 11-
TK, resulting in damage to the production of spermatogenic cells, while refeeding may delay spermatogenesis

but does not lead to testicular impairment.

1. Introduction

Nutritional deficiency is associated with metabolic changes that
may be reflected in the circulating concentrations of hormones such as
testosterone and gonadotrophins, which regulate spermatogenesis and
testicular maturation (Cheah and Yang, 2011; Churchill et al., 2019;
Gilad et al., 2018; Grizard et al., 1997). In addition to hormonal im-
pairment, nutrient deficiencies interfere with spermatogenesis, espe-
cially deficiency of ions and vitamins that act protecting the testis from
oxidative damage and improve sperm quality, as well as are related
with the differentiation of spermatogonia (Alonge et al., 2019; Chung
et al., 2009). In fish, long fasting periods can also negatively influence
the reproductive potential depending on the species, sex, age of the
animal, and its capacity to mobilise the energy reserves (Jobling, 2016;
Luquet and Watanabe, 1986). However, the mechanisms by which
spermatogenesis is influenced by starvation remain unknown.

Fish spermatogenesis is a cyclic process finely regulated by endo-
crine, paracrine, and autocrine factors involving complex interactions

between somatic and germ cells (Batlouni et al., 2009; Schulz et al.,
2010). The germ cells development can be divided into three main
phases: spermatogonial or proliferative, when undifferentiated sper-
matogonia originate type A and type B spermatogonia; spermatocytary
or meiotic phase, when meiotic division originates primary and sec-
ondary spermatocytes; and spermiogenesis, when a series of morpho-
logical changes leads to the differentiation of spermatids into sperma-
tozoa (Schulz et al., 2010). Follicle stimulating hormone (FSH) and
luteinizing hormone (LH) regulate the production of sex steroids, tes-
tosterone, and 11-ketotestosterone by Leydig cells, and these hormones
mainly act on the mitotic proliferation and differentiation of sperma-
togonia and spermiation (de Waal et al., 2009; Haider, 2007).

In testes, a complex and well organised balance between prolifera-
tion and cell death maintains tissue homeostasis (Ribeiro et al., 2017;
Russell et al., 2002; Wang et al., 2012). During spermatogenesis,
apoptosis is responsible for maintaining the appropriate number of
germ cells supported by the Sertoli cells and for elimination of defective
germ cells (Barnes et al., 1998; Richburg, 2000; Shaha et al., 2010).
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Stressors such as thermal shock, exposure to toxic substances, hormonal
changes, and starvation increase germ cells apoptosis, impairing sperm
production (Cheah and Yang, 2011; Lascarez-Lagunas et al., 2014;
Shaha et al., 2010; Wang et al., 2012, 2017).

Food deprivation and fasting are common in the life cycle of many
fish species in response to environmental fluctuations under both nat-
ural and farming conditions. The physiological and metabolic response
to fasting is variable among species, with carnivorous fish being better
adapted to periods of food restriction than herbivores and omnivores
(Gadomski and Petersen, 1988). Nile tilapia Oreochromis niloticus is a
omnivorous fish that is very attractive for aquaculture due to its large
size, rapid body growth, flesh palatability, ease of reproduction,
adaptability to a wide range of environmental conditions, resistance to
diseases and infections, and stress tolerance (Little and Hulata, 2000).
In addition, males have favourable features to study the structure and
function of the testes since they present cystic organisation of germ cells
that allows a reliable analysis of spermatogenesis (Melo et al., 2016;
Vilela et al., 2003). Although studies have associated food deprivation
with reduced reproductive potential in fish species (Pérez-Jiménez
et al., 2007; Pikle et al., 2017), knowledge about the consequences of
food restriction at metabolic, hormonal, and morphological levels is
still incipient. In this sense, the goal of this study was to evaluate the
effects of refeeding cycles (alternating periods of starvation and
feeding) and starvation on blood biochemical parameters, androgens
concentration, and spermatogenesis of Nile tilapia.

2. Material and methods
2.1. Experimental design and fish sampling

The experiment was conducted at the Laboratory of Aquaculture
(LAQUA) of the Universidade Federal de Minas Gerais (UFMG), and the
study was approved by the Ethics Committee on Animal Use (CEUA,
UFMG 67/2017). For acclimation, a breeding stock of 94 adult males of
O. niloticus (GIFT lineage, age between 6 and 8 months,
24.31 * 0.31cm total length, 268.37 + 11.21 g body weight) were
equally distributed in six 1 m?® culture tanks and kept for 30 days with a
mechanical and biological filtration system under controlled condi-
tions. The culture conditions of the experiment were maintained by
heaters with thermostat for stabilization of temperature, continuous
supplementary aeration by an air diffuser and the photoperiod was kept
at 12h light to 12 h dark. Throughout the experiment period, the water
parameters of the tanks were monitored once a week using a Horiba
U51 multi-parameter probe and the average values were obtained:
temperature 29.06 * 0.04 °C, dissolved oxygen 7.06 + 0.02mg/l, pH
7.31 + 0.04, conductivity 0.87 + 0.11 mS/cm, total dissolved solids
0.51 * 0.02g/l, and salinity 0.36 * 0.02 (values represent
mean *+ SEM).

During the experiment, the fish were divided into three groups
(control n = 30 fish, refeeding n = 32, and starvation n = 32) with a
duplicate tank for each group. In the control group, fish were fed ad
libitum with commercial feed containing 32% crude protein, and three/
four animals per tank were collected at the following sampling times (7,
14, 21 and 28 days). In the refeeding group, four animals per tank were
collected at the following sampling times: refeeding 1 (day 14, after a
week of starvation, followed by a week of ad libitum feeding), refeeding
2 (day 21, after a week of starvation, followed by a week of feeding, and
another week of starvation), refeeding 3 (day 28, after alternating two
weeks of starvation and feeding). In the starvation group, fish were
submitted to total food restriction, and four animals per tank were
collected with 7, 14, 21 and 28 days (starvation 7D, 14D, 21D and
28D). The fish were euthanized with 285mg/1 eugenol solution fol-
lowing the ethical principles established by the National Council for
Animal Experimentation Control (CONCEA). From these animals, the
body weight (BW), total length (TL), and gonad weight (GW) were
obtained and the gonadosomatic index (GSI = 100GW/BW) and Fulton
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condition factor (K = 100BW,/TL3) were calculated. Blood plasma and
testis samples were obtained for analyses using different techniques.

2.2. Light and electron microscopy

For histology, the middle section of the testis of each specimen were
fixed in Bouin's fluid for 24 h, embedded in paraffin, sectioned at 5 um
thickness, and stained with haematoxylin-eosin. For electron micro-
scopy, testis samples were fixed in Karnovsky solution (2.5% glutar-
aldehyde and 2% paraformaldehyde) in 0.1 M sodium phosphate buffer
pH 7.3 for 24 h at 4 °C and post-fixed in 1% osmium tetroxide with 1.5%
potassium ferrocyanide for 2h and then embedded in Epon/Araldite
plastic resin. The ultrathin sections were contrasted with uranyl acetate
and lead citrate and examined under a Tecnai G2-135 12 Spirit 120 kV
transmission electron microscope (FEI Company, Hillsboro, OR, USA).

2.3. Blood biochemical parameters

For biochemical analyses, blood samples of each fish were collected
in a heparinized syringe and transferred to Eppendorf tubes at 4 °C, also
heparinized. The Accu-Chek kit with a minimum detection limit of
10 mg/dl and satisfactory accuracy according to European standard EN
ISO 15197 was used for determination of glucose. Then, 2ml blood
samples were centrifuged for 4 min at 3000 rpm and stored in a freezer
at —80 °C. Concentrations of total cholesterol and triglycerides were
determined using BioTechnique kits following the manufacturer's re-
commendations.

2.4. TUNEL in situ assay

In order to detect the apoptotic DNA fragmentation, testis samples
of each fish were fixed in 4% paraformaldehyde solution for 24 h at
4°C, embedded in paraffin, and sectioned at 5um thickness. The sec-
tions were subjected to the terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL) assay using the FragEL DNA fragmentation
detection kit QIA 33 (Calbiochem, San Diego, CA, USA), following the
manufacturer's protocol. For this, the sections were washed in phos-
phate buffered saline (PBS) pH 7.4, treated with 20 pg/ml proteinase K
in PBS for 15min, and then treated with and 3% hydrogen peroxide
(H202) in PBS for 15min to inactivate the endogenous peroxidase.
Next, the sections were incubated with terminal deoxynucleotidyl
transferase (TdT) and biotinylated deoxynucleotides for 90 min at
37 °C. After this, the sections were incubated with anti-digoxigenin
antibody conjugated with peroxidase for 30 min at room temperature
and revealed with diaminobenzidine (DAB, Sigma Aldrich's Corp., St.
Louis, MO, USA) in PBS for 2 min and counterstained with haematox-
ylin. In the negative control, treatment with TdT/deoxynucleotides was
omitted.

2.5. Immunohistochemistry

Testis samples were submitted to immunohistochemistry reaction
for detection of the antibody Ki67 (Sigma), a marker of cell prolifera-
tion/mitosis. For this, samples were fixed in 4% paraformaldehyde
solution for 24 h at 4 °C, embedded in paraffin, and sectioned at 5pum
thickness. For endogenous peroxidase blocking, the sections were in-
cubated with 3% H,0, in PBS for 30 min at room temperature.
Subsequently, the sections were subjected to antigen recovery with
10 mM sodium citrate buffer pH 6.0 for 20 min at 96 °C. Non-specific
binding was blocked with 2% bovine albumin in PBS buffer for
30 min at room temperature. Then, the sections were incubated with
the primary antibody Ki67 in a humid chamber at 4 °C overnight at
1:100 dilution. Following, the sections were submitted to the Dako
EnVision™ + Dual Link System-HRP (kit K4063 Dako), revealed with
DAB, and counterstained with haematoxylin. For the negative control,
one of the sections did not receive the primary antibody.
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2.6. Plasma sex steroids

For the determination of testosterone, 11-ketotestosterone and
cortisol, plasma samples of each fish were stored at —80 °C. The sam-
ples were submitted in duplicate to ELISA assay using 11-ketotestos-
terone kit (Cayman Chemical, Michigan, USA), testosterone kit
(Cayman, Instruments GmbH, Marburg, German), and cortisol kit (DRG
Instruments GmbH, Marburg, German) following the manufacturers'
protocols, as described previously (Weber et al., 2019). The sensitivity
of the assays was 3.9 pg/ml (testosterone), 0.8 pg/ml (11-ketotestos-
terone), and 2.5 ng/ml (cortisol).

2.7. Morphometry

For morphometry of spermatogenesis, four animals per sampling/
group were randomly chosen and digital histological images were ob-
tained using an image analysis system with Zeiss Axiovision software
coupled to an Axioplan 2 Zeiss Microscope. To evaluate the proportion
of the testicular components and positive cells for Ki67 and TUNEL, 30
randomly chosen fields per animal were photographed at 400 X mag-
nification. Spermatogenic cells were identified according to features
previously established (Schulz et al., 2010). The images were analysed
in ImageJ software using a grid of 540 points. The proportion of so-
matic and germ cells was determined based on the number of points on
the testicular cells in relation to the total points analysed in each field
(Melo et al., 2016; Ribeiro et al., 2017).

2.8. Statistical analyses

Data were statistically analysed using Minitab 16.1 and GraphPad
Prism 6.03 software. The data did not present normal distribution, so
Kruskal-Wallis test followed by Dunn's post-hoc test were used. The
results were considered significant at 95% confidence interval and va-
lues were expressed as mean = S.E.M.

3. Results
3.1. Testicular alterations and biological indices

During the experiment, animals from the control and refeeding
groups did not present relevant histological alterations in the testes
(Fig. 1A). However, after 7 days of starvation, germ cells at different
stages of development had highly compacted chromatin (Fig. 1B), and
type A undifferentiated spermatogonia (A,,q4) with cytoplasmic vacuo-
lization were observed (Fig. 1C). In the fish collected with 14, 21, and
28 days of starvation, inflammatory infiltrate, spermatogonia and
spermatocytes in the tubular lumen, and hyperplasia of Leydig cells was
also detected (Fig. 1D and E). Furthermore, the animals submitted to 28
days of starvation had testicular regions with disorganisation and de-
generation of the seminiferous tubules (Fig. 1F). In the ultrastructure,
the sampling times starvation 7D, 14D, 21D, and 28D showed sper-
matocytes with vacuolated cytoplasm and degenerate mitochondria
being released into the lumen together with cellular debris and apop-
totic bodies (Fig. 1G-I). At this time, the spermatids presented ab-
normalities in the chromatin compaction, degeneration of the midpiece
with inefficient elimination of cytoplasm material (Fig. 1J-L). In addi-
tion to the histological and ultrastructural changes described above, the
animals submitted to starvation and refeeding cycles presented testes
with a significantly lower GSI when compared to the control group
(p < 0.05), although the Fulton condition factor did not show any
variation among groups (Fig. 1M and N).

3.2. Morphometry of the germ and somatic cells

In the spermatogonial phase, the proportion (%) of type A un-
differentiated and differentiated spermatogonia (Au,q and Agi) was
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reduced in the starvation 21D and 28D when compared to the other
sampling times. In contrast, the proportion of type B spermatogonia did
not show a significant difference between the treatments (Fig. 2A).
Starvation for 7, 14, 21 and 28 days affected the spermatocytary phase,
leading to a significant reduction (p < 0.05) in the proportion of
spermatocytes (Fig. 2B), but no significant variation was detected in the
sampling times refeeding 1, 2 and 3 compared to the control. During
spermiogenesis, no significant variation was found in the proportion of
spermatids, but a significant reduction in spermatozoa ratio (p < 0.01)
was observed in all treatments when compared to the control (Fig. 2B).

The proportion of Leydig cells was significantly higher at all the
sampling times in animals submitted to starvation when compared to
the control group (p < 0.01) (Fig. 2C). In the animals collected in the
sampling times refeeding 1, 2 and 3, an increase in the Leydig cells ratio
was also observed, but without statistical difference when compared to
the control group. In addition, there was a significant reduction in the
proportion of Sertoli cells in the starvation 21D (Fig. 2C). Interstitial
tissue did not show significant changes in the treated groups compared
to the control, except on 14 days of total food restriction (starvation
14D) when there was a significant increase (p < 0.05) in relation to
the other groups (Fig. 2C).

3.3. Blood biochemical parameters

In the sampling times starvation 7D, 14D, 21D, 28D and refeeding 2
the blood glucose was significantly lower than that observed in the
control group (p < 0.05) (Table 1). Plasma levels of total cholesterol
and triglycerides were higher in the control group when compared to
the experimental groups, except for refeeding 1 (p < 0.05).

3.4. Plasma concentrations of androgens and cortisol

The animals submitted to 7, 14, 21, and 28 days of starvation pre-
sented a significant reduction (p < 0.05) in plasma concentrations of
11-ketotestosterone and testosterone compared to the control group,
with a drastic reduction of these hormones at 28 days of total food
restriction (Fig. 3A and B). The sampling times refeeding 1 and 3 did
not show significant variations for both androgens when compared to
the control, while the sampling time refeeding 2 presented a significant
reduction for both androgens. Plasma cortisol levels were significantly
higher in the starvation 7D, 14D and refeeding 2 when compared to the
control (p < 0.05) but no significant variation was found between the
starvation 28D and control group. During starvation, a cortisol peak
was found at 7 days after starting the treatment, and it was gradually
reducing until reaching values close to the control group after 21 days
of total food restriction (Fig. 3C).

3.5. Cell proliferation and apoptosis

Since the refeeding group showed few alterations in the morpho-
logical analyses compared to the control, cell proliferation and apop-
tosis were only evaluated in the control and starvation groups. The
proportion of Ayng, Agifr, and Sertoli cells positive for Ki67 showed a
significant decrease after 21 and 28 days of total food restriction when
compared to the control group (Fig. 4 A, B and E). In addition, after 7
days of starvation, a significant increase of Leydig cells labelled by Ki67
was observed. In the sampling times starvation 14D, 21D, and 28D, the
proportion of TUNEL-positive spermatocytes, spermatids, and sperma-
tozoa increased significantly and progressively over the course of total
food restriction (Fig. 4 C, D, and F).

4. Discussion
Response to nutritional stress encompasses metabolic and hormonal

changes, which negatively reflect on fish spermatogenesis, as also re-
ported in mammals (Grizard et al., 1997; Yu et al., 2016). In general,
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Fig. 1. Histological sections stained with haematoxylin-eosin (A-F), ultrastructural sections (G-L), and biological indices (M, N) of testes of Nile tilapia. A: Control
group containing type A undifferentiated spermatogonia (Aynq), type A differentiated spermatogonia (Agif), type B spermatogonia (B), spermatocytes (C) and
spermatids (T) without morphological alterations. B: Cysts containing cell clusters with apoptotic nucleus (apN). C: A,,q with dilatation and cytoplasmic vacuoli-
zation. D: Spermatogonia inside the lumen of the seminiferous tubule (black arrow) and inflammatory infiltrate with acidophilic granulocytes in the interstitial tissue
(D). E: Hypertrophy and hyperplasia of Leydig cells (*Le) and empty cysts (*). F: Seminiferous tubules in degeneration. G-H: Spermatocytes in degeneration with
vacuolization in the cytoplasm (black arrow) being released in the tubular lumen together with cellular debris. I: Apoptotic body (AB) next to a spermatogonia. J-L:
Anomalies in the compaction of chromatin and degeneration of the midpiece (*MP) in spermatids. Nucleus (N); mitochondria (M); proximal centriole (PC); lumen
(Luw); lisossome (L). Different letters indicate significant difference among sampling times. Scale bars (A, B, D-F) 50 pm, (C) 20 pm, (G, J-L) 500 nm, (H) 1 pm and (I)
2 um.
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Fig. 2. Proportion of germ and somatic cells during spermatogenesis of Nile tilapia submitted to refeeding cycles and starvation (A-C). Type A undifferentiated
spermatogonia (Ayng), type A differentiated spermatogonia (Agif), type B spermatogonia (B), spermatocytes (C), spermatids (T) and spermatozoa (Z). In each
spermatogenic germ cell, different letters indicate significant difference among sampling times (p < 0.05).
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Table 1
Blood biochemical parameters (mg/dL) in Nile tilapia submitted to refeeding
and total food restriction.

Groups Glucose Total cholesterol Triglycerides
Control 56.7 * 5.10% 238.1 + 33.23° 228.05 + 22.39%
Refeeding 1 68.0 = 2.90% 175.0 = 9.45° 141.55 * 26.39"
Refeeding 2 20.6 + 1.70° 107.5 + 10.15" 88.59 + 6.18°
Refeeding 3 34.7 + 3.00% 102.3 + 11.45" 112.52 * 11.67°
Starvation 7D 18.5 + 0.80° 83.1 + 4.30° 95.05 + 12.39"
Starvation 14D 27.3 + 2.90° 81.7 + 6.90° 93.33 + 6.39°
Starvation 21D 20.6 + 1.60° 84.10 + 13.23° 131.51 * 1.79°
Starvation 28D 20.6 * 1.60° 73.41 + 9.70° 93.42 + 5.39°

Different letters in the same columns represent significant difference between
the sampling groups for each biochemical parameter (p < 0.05).

females are more sensitive than males to the effects of food restriction
(Grone et al., 2012; Ridelman et al., 1984), but few studies have been
reported the effects of fasting on fish spermatogenesis (Pikle et al.,
2017). In the Nile tilapia, severe morphological changes were observed
in the germ cells development during starvation, and there was a de-
crease in the percentage of spermatogonia, spermatocytes, and sper-
matozoa that may be related to increased apoptosis and reduced cell
proliferation.

The gonadosomatic index (GSI) is an indicator of the gonadal de-
velopment widely used to evaluate the effects of different environ-
mental stressors on fish reproduction (Collins and Anderson, 2002;
Duston and Saunders, 1999; Frantzen et al., 2004; Grone et al., 2012).
Studies have shown that GSI is negatively affected by nutrient depri-
vation in both sexes as observed in the European seabass Dicentrarchus
labrax, amago salmon Oncorhynchus masou ishikawae, and catfish
Clarias gariepinus (Chatzifotis et al., 2011; Silverstein and Shimma,
1994; Suchiang and Gupta, 2011). In addition, findings of the present
study show that GSI reduction during food restriction is associated with
changes in testicular morphology. Although the tissue response to nu-
tritional deficiency varies among fish species depending on the ex-
posure period and their capacity to mobilise energy reserves, severe
tissue changes such as cell degeneration and structural disorganisation
have been reported after long periods of food restriction (Pikle et al.,
2017; Suchiang and Gupta, 2011). These changes may be related to the
poor nutritional status, culminating in the reduction of androgens and
elevation of cortisol, as detected in the Nile tilapia of this study.

Short periods of food restriction cause nutritional deficiencies that
increase the plasma lipid levels. However, after long periods of food
restriction, in addition to lipid deficiency, lipogenesis is depressed
while lipolysis is accelerated (Yu et al., 2016). The reduction of lipid
levels, mainly cholesterol during food restriction, has been observed in
several fish species (Pérez-Jiménez et al., 2007; Prasad, 2015; Rossi
et al., 2015). Cholesterol is required for testosterone synthesis in the
Leydig cells (Wayne Hou et al., 1990). In this sense, the reduction of
testosterone levels as well as 11-ketotestosterone after 7 days of star-
vation found in this study may be due to the reduction of plasma total
cholesterol levels, which has been well documented in humans and
other mammalian species (Eacker et al., 2008; Morrison et al., 2002;
Velasco-Santamaria et al., 2011).

In addition to sex steroids, glucocorticoids, especially cortisol, may
act negatively at all stages of spermatogenesis in both fish and mam-
mals (Dey et al., 2010; Milla et al., 2009; Weber et al., 2002). High
plasma levels of cortisol are related to the reduction of the steroido-
genic potential of Leydig cells by reducing their sensitivity to the lu-
teinizing hormone (LH) (Orr and Mann, 1992; Whirledge and
Cidlowski, 2010). In this study, high levels of cortisol are apparently
related to decreased 11-ketotestosterone, increased apoptosis, and de-
creased of germ cell proliferation.

Proliferation of Leydig cells along with a higher proportion of these
cells after 7 days of starvation may be a compensatory mechanism to
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Fig. 3. Effect of refeeding cycles and starvation on androgen and cortisol
concentrations in Nile tilapia. Plasma levels of 11-ketotestosterone (A), tes-
tosterone (B) and cortisol (C). Different letters indicate statistical difference
among sampling times (n = 8 per sampling, p < 0.05).

increase steroidogenesis and androgen production in order to support
the spermatogenesis and sperm production in the Nile tilapia under
starvation conditions. Leydig cells proliferation in response to low
testosterone concentration was observed in rats during the fetal period
(Mylchreest et al., 2002). In fish testes, testosterone is converted to 11-
ketotestosterone, the main androgen during fish spermatogenesis
(Gazola and Borella, 1997; Ohta et al., 2007). The 11-ketotestosterone
acts by suppressing the release of anti-Miillerian hormone (AMH) and
stimulating the production of activin B by the Sertoli cells, and these
molecules act antagonistically, as activin B being a stimulator and AMH
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Fig. 4. Inmunohistochemistry for Ki67 (A-B) and TUNEL assay (C-D) in testes of Nile tilapia from control and starvation groups. Type A undifferentiated sper-
matogonia (Aynq), type A differentiated spermatogonia (Ag;f), type B spermatogonia (B), spermatocytes (C), spermatids (T), spermatozoa (Z), Leydig cells (Le) and
Sertoli cells (Se). Proportion of Ki67 and TUNEL positive cells in control and starvation groups (E-F). Different letters indicate statistical differences among sampling
times (p < 0.05). Scale bars (A-D) 50 pm.
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an inhibitor of spermatogonial proliferation (Ohta et al., 2007; Schulz
et al., 2010; Skaar et al., 2011). Moreover, 11-ketotestosterone induces
the synthesis of 17a, 203-dihydroxy-4-pregnen-3-one (DHP) that is
required for early meiosis and spermiation (Milla et al., 2009; Ozaki
et al., 2006). In this sense, the low concentration of testosterone and 11-
ketotestosterone observed in this study may be associated with a re-
duction in the spermatogonial proliferation (Ki67-positive cells) and a
reduction in the proportion of spermatogonia, spermatocytes, and
spermatozoa after 7 days of starvation. In addition, the survival and
development of germ cells depend on their association with Sertoli
cells, which showed a significant reduction in proliferation at 21 days of
starvation.

Due to reproductive strategies or low food availability, some ani-
mals experience lifelong feeding and fasting periods (Pérez-Jiménez
et al., 2007). In addition, alternating fasting and feeding periods may
induce compensatory growth and decrease the loss of water quality and
fish farming costs (Jobling, 2016; Morshedi et al., 2017). Our data
suggest that refeeding changes the metabolic levels of carbohydrates
and lipids as also reported by Pérez-Jiménez et al. (2007); however, the
animals submitted to refeeding 1 3 did not present a marked reduction
in the analysed androgen levels and kept their testicular architecture
and germ cell morphology. The high proportion of spermatocytes ob-
served in the refeeding group suggests a delay in germ cells recruitment
to spermatogenesis progression. Indeed, changes in temperature,
fasting, or exposure to xenobiotics may induce breakdown of DNA in
primary spermatocytes and delay the progression of the meiotic phase
of spermatogenesis (Alvarenga and Franca, 2009; Liu et al., 2013;
Penaranda et al., 2016).

During spermatogenesis, apoptosis maintains tissue homeostasis,
regulating the production of spermatozoa and preventing the formation
of abnormal gametes (Baum et al., 2005; Kaptaner and Kankaya, 2013;
Ribeiro et al., 2017). However, external stimuli, such as nutrient de-
privation, are associated with increased apoptosis during spermato-
genesis in amphibians and mammals (Gonzalez et al., 2018; Wang et al.,
2012). In fish, the relationship between nutrient deprivation and its
influence on apoptosis during fish spermatogenesis is poorly studied. In
Nile tilapia, our findings show that starvation significantly increased
the proportion of TUNEL-positive germ cells in the testes. In addition,
the ultrastructural changes found in these cells may indicate that nu-
tritional deficiency negatively affects spermatogenesis, culminating in
abnormal cell elimination by apoptosis. These findings may justify the
reduction in the proportion of spermatocytes and spermatozoa in ani-
mals submitted to starvation. Corroborating our results, Escobar et al.
(2014) also observed a strong relationship between food restriction and
increased apoptosis of spermatogenic cells in Dicentrarchus labrax.

Taken together, our results suggest that starvation can progressively
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Fig. 5. Effects of refeeding cycles and star-
vation in Nile tilapia spermatogenesis and
its relationship with sexual hormones and
biochemical parameters. 11-ketotestos-
terone (11 KT); Testosterone (T); Cortisol
(C); Cholesterol (CH) Triglycerides (TG),
Type A undifferentiated spermatogonia
(Aund), type A differentiated spermatogonia
(Aqip), type B spermatogonia (B), spermato-
cytes (C), spermatids (T) and spermatozoa
).

reduce testosterone and 11-ketotestosterone levels, with consequent
morphological changes in the Nile tilapia spermatogenesis. In addition,
prolonged total food restriction is associated with severe damage to
testicular function and germ cell death (Fig. 5). Although refeeding
cycles may delay spermatogenesis, they do not result in permanent
damage to the testicular function and can be recommended for main-
tenance of breeding stock in the fish farming.
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4.3. CAPITULO 3: Autophagy and apoptosis during fish spermatogenesis: insights from Nile
tilapia

Abstract

Autophagy and apoptosis are indispensable mechanisms for the normal development of the
germ cells, and the deficiency of these processes results in functional changes that can lead to male
infertility. In this study, we investigated the role of autophagy and apoptosis during
spermatogenesis of Nile tilapia submitted to total food restriction. For this, adult specimens were
subject to total food restriction during 7, 14, 21 and 28 days. The animals subjected to starvation
showed a significant reduction in the gonadosomatic index, diameter of the seminiferous tubules
and number of spermatozoa when compared to the control group. The immunofluorescence
analysis showed secondary spermatocytes, spermatids, Sertoli and Leydig cells with strong
immunostaining for autophagic proteins LC3 and Beclin-1. At electron microscopy,
autophagosomes, autolysomes and multilamellar bodies were detected, however, after 21 days of
starvation autophagy decreased significantly.The apoptosis was identified in spermatocytes and
spermatids and increased with 21 and 28 days of starvation. In conclusion, our data show that the
autophagy acts in combination with the apoptosis in the germ and somatic cells of Nile tilapia, and
a significant decrease of the autophagy and increase of apoptosis can be related to reduction of the

sperm production after 21 days of starvation.

KEYWORDS: leydig cells, spermatogenic cell, autophagosomes, autophagic flux, starvation.

INTRODUCTION

Germ cell development is a complex and highly organized process involving the balance
between proliferation, differentiation and cell death (Schulz et al., 2010). Apoptosis is essential for
maintaining testicular homeostasis during germ cell development, and alterations in this pathway
are associated with changes in the spermatogenesis (Shaha et al., 2010). In addition, studies in
mammals show that autophagy and apoptosis may act together in the germ cell elimination (Yin et
al., 2017; Zhang et al., 2012).

Apoptosis is the main and best known mechanism of cell death in fish testes. In addition to

maintaining cellular homeostasis during spermatogenesis, apoptosis eliminates potentially
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defective germ cells for production of healthy gametes (Barnes et al., 2014; Richburg, 2000; Shaha
et al., 2010). The apoptotic pathway is highly conserved in vertebrates and requires a specialized
protein machinery that can be activated by extrinsic and intrinsic factors (Elmore, 2007; Marifio et
al., 2014; Takle and Andersen, 2007). The proteins of the Bcl-2 family, such as Bax and Bcl2
actively participate in the regulation of apoptosis, acting as inducers and repressors of the process,
respectively (Antonsson, 2001; Youle and Strasser, 2008). Activation of cell death effector proteins
such as caspase-3 culminates in the cleavage of specific substrates leading to cell death (Wang et
al., 2005; Wu et al., 2014). In rats and mice, studies indicate that both intrinsic and extrinsic
pathways are involved in the cell death during the first wave of spermatogenesis (Russell et al.,
2002; Tripathi et al., 2009). In addition, alterations in expression of Bcl-2 family proteins lead to
spermatogenesis damage (Russell et al. 2002). External stressors such as nutritional deficiency or
starvation are also associated with disruption in the germ cell apoptosis, which can cause severe
damage to sperm production (Cheah and Yang, 2011; Cheng et al., 2015; Lascarez-Lagunas et al.,
2014; Shaha et al., 2010; Wang et al., 2017).

In addition to apoptosis, the autophagy may also act to eliminate germ cells during
spermatogenesis (Aslani et al., 2017; Gonzélez et al., 2018; Zhang et al., 2012). Autophagy is a
complex evolutionarily conserved catabolic mechanism in the eukaryotic cells (Codogno and
Meijer, 2005; Russell et al., 2014; Ryter et al., 2013). It involves sequestration and delivery of
cytosolic components, including organelles and macromolecules to the lysosome, where they will
be degraded and their products recycled and reused by the cell. For the recruitment and isolation
of components to be degraded by autophagy, autophagosome formation is required (Soto-Burgos
et al., 2018). Beclin-1 and LC3 proteins coordinate and regulate the membrane formation and
mobilization to form autophagosome and are widely used as autophagy markers (He et al., 2015;
Klionsky et al., 2016). In mammals, autophagy plays a protective role for germ cells by acting on
spermatid differentiation into spermatozoa, on formation of acrosome and uptake of cholesterol by
the Leydig cells for testosterone biosynthesis (Gao et al., 2018; Wang et al., 2014; Yin et al., 2017).
In fish, knowledge about the role of autophagy during spermatogenesis is limited, and few studies
addressing this issue are available (Herpin et al., 2015).

Given the lack of knowledge about the role of autophagy in fish spermatogenesis and that

food deprivation and nutritional deficiency are strong inducers of autophagy, the aim of the present
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study was to investigate the interaction of autophagic and apoptotic pathways during

spermatogenesis of Nile tilapia submitted to prolonged starvation and under normal food condition.

MATERIAL AND METHODS
Experimental assay and sampling of fish

The experiment was realized at the Laboratory of Aquaculture (LAQUA) of the
Universidade Federal de Minas Gerais (UFMG), and it was approved by the Ethics Committee on
Animal Use (CEUA, UFMG 67/2017). For acclimation, 62 adult males of O. niloticus of the GIFT
lineage (24.66 + 0.40 cm total length, 282.26 &+ 14..84 g body weight) were equally distributed in
four Im3 culture tanks and kept for 30 days with a mechanical and biological filtration system
under controlled conditions of temperature, luminosity and water quality (temperature, mean +
SEM: 29.06 + 0.04 °C, dissolved oxygen: 7.06 + 0.02 mg/L, pH: 7.31 + 0.04, conductivity: 0.87 +
0,11 mS/cm, total dissolved solids: 0.51 + 0.02 g/1, salinity: 0.36 & 0.02 ppt and photoperiod of at
12 h light to 12 h dark).

During the experiment, the fish were subjected to 2 treatments: control group (n = 30) and
starvation group (n = 32), in duplicate. In the control group, fish were fed ad libitum with
commercial feed containing 32% crude protein. In the starvation group, fish were submitted to total
food restriction. From each tank, four animals were collected at the following sampling times: 7,
14, 21 and 28 days. During the samplings, fish were euthanized with 285 mg/l eugenol solution
following the ethical principles established by the National Council for Animal Experimentation
Control (CONCEA). From these animals, body weight (BW), total length (TL), and gonad weight
(GW) were obtained and the gonadosomatic index (GSI=100GW/BW) was calculated.

Light and electron microscopy

For histology, testis samples were fixed in Bouin's liquid for 24 h, embedded in paraffin,
sectioned at 5 um thickness and stained with haematoxylin-eosin. For electron microscopy, the
samples were fixed in Karnovsky solution (2.5% glutaraldehyde and 2% paraformaldehyde) in
0.1M sodium phosphate buffer pH 7.3 for 24 h at 4 °C and post-fixed in 1% osmium tetroxide for
2 h and, later embedded in Epon/Araldite plastic resin. The ultrathin sections were contrasted with
uranyl acetate and lead citrate and examined under a Tecnai G2-135 12 Spirit 120 kV transmission

electron microscope (FEI Company, Hillsboro, OR, EUA).
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Immunohistochemistry

For analysis of autophagic and apoptotic proteins, testis sections from 4 animals of each group
were randomly chosen and subjected to immunohistochemistry. For this, testis samples were fixed
in 4% paraformaldehyde solution for 24 h at 4 °C, embedded in paraffin, and sectioned at 5 um
thickness. The sections were submitted to antigen retrieval with 10mM sodium citrate buffer pH
6.0 for 20 min at 96 °C. The blocking of non-specific binding was made with 2% bovine albumin
in PBS buffer for 30 min at room temperature. Then, the sections were incubated with the primary
antibody (Table 1) in a humid chamber at 4 °C overnight. Subsequently, for immunofluorescence,
the sections were incubated with secondary anti-rabbit [gG antibody conjugated to Alexa Fluor 488
(1: 500) or anti-mouse IgG conjugated to Alexa fluorine 568 (1: 500; Life Technologies). Nuclear
DNA staining was performed with 4', 6-diamino-2-phenylindole (DAPI; 1: 2000; Sigma Aldrich).
The sections were examined using an Axio Imager Z2-ApoTome 2 fluorescence microscope.

For quantification of labelled cells, the sections were subjected to immunoperoxidase. For
this, the sections were incubated in dark chamber with 3% H>O; for 30 min for inactivation of
endogenous peroxidase before the blocking of non-specific binding. After treatment with primary
antibodies (Table 1), sections were incubated with biotinylated secondary antibody LSAB 2
System - HRP (Dako, Santa Clara) for 1 h, followed by streptavidin conjugated with peroxidase
for 1 h, revealed with DAB (Dako EnVision ™ + Dual Link System-HRP), and contrasted with

hematoxylin. For negative control, one of the sections did not receive the primary antibody.

Western blot

Testes samples were frozen at -80 °C, sonicated in lysis buffer (150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% SDS e 50 mM Tris pH 8.0) with aprotinin and phenylmethylsulfonyl fluoride
protease inhibitors and centrifuged at 150,000 x g for 1 h. The protein dosage was performed on
the supernatant according to Bradford (1976). For each sample, 80 pg of protein in sample buffer
was added to 12% polyacrylamide gel electrophoresis and subsequently transferred to a
nitrocellulose membrane. After transfer, nonspecific reactions were blocked with skimmed milk
powder for 1 h at room temperature. The membrane was incubated with the antibodies previously
listed in the Table 1 at a concentration of 1: 500 overnight at 4 °C. Finally, the membrane was

incubated with secondary antibody peroxidase - conjugated (IgG, dilution 1:750) for 2 h and the
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reaction was revealed with DAB (Dako EnVision™ + Dual Link System-HRP). Densitometry of
autophagic and apoptotic proteins was performed using the ImagelJ software (NIH) and the relative
optical density of the bands was normalized to constitutive protein calculated by dividing the study

proteins and the control (B actin).

Morphometry

In order to assess the proportion of cells marked by Beclin-1, Cathepsin D, Caspase-3, Bax
and Bcl2, digital images of histological cross sections of 4 animals per group were obtained using
the Zeiss Axiovision image analysis system coupled to the Zeiss Microscope Axioplan 2. For each
study protein, 10 randomly chosen fields were photographed at 400x magnification. The images
were analysed in ImagelJ software using a grid of 540 points placed on the tissue. The percentage
of marked cells was determined considering the total number of points on the cells of interest. The
area of the seminiferous tubules was determined by measuring the cross sections of 30 tubules per
animal with a magnification of 200 x and the proportion of sperm was obtained in 10 seminiferous

tubules per animal totaling 40 seminiferous tubules per group.

Statistical analyses

Data were statistically analysed using Minitab 16.1 and GraphPad Prism 6.03 software. The
data showed a normal distribution, and hence, a one-way ANOVA followed by Tukey’s post hoc
test was used to compare the mean values. The results were considered significant at 95%

confidence interval and values were expressed as mean + SEM.

RESULTS AND DISCUSSION

Influence of starvation on testicular morphology and function

The animals of the control group and of the group submitted to starvation presented germ
cells in different stages of development (Fig.1 A and B). However, animals subjected to starvation
showed a significant reduction (p < 0.05) in the area of the seminiferous tubules and in the number
of spermatozoa per seminiferous tubules (Fig. 1 C and D). In addition, the GSI in animals of the
control group (0.63 = 0.09) was significantly higher (p < 0.05) than animals of groups 7 (0.11 +
0.02), 14 (0.21 £ 0.02), 21 (0.244 0.08) and 28 (0.15 £ 0.04) days of starvation. In the freshwater
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shrimp Macrobrachium rosenbergii, short periods of starvation induced autophagy and,
consequently, there was an increase in the gonadosomatic index and number of spermatozoa

(Wanichanon and Isidoro, 2019).

Autophagy during spermatogenesis

To detect autophagy in the testes of the Nile tilapia, we used electron microscopy and
immunohistochemistry, and the expression of key proteins was evaluated by western blot.
Autophagy was found in the germ and somatic cells of both experimental groups. Autophagosomes
and multilamellar bodies were detected in spermatogonia, spermatocytes and spermatids (Fig.2 A-
C). In addition, spermatocytes with scarce cytoplasmic organelles were observed (Fig.2 D). Sertoli
and Leydig cells showed also autophagosomes, autolysomes and multilamellar bodies (Fig.2 E and
F).

Immunofluorescence analysis showed secondary spermatocytes, spermatids, and Sertoli
and Leydig cells with strong immunostaining for LC3 and Beclin-1 (Fig.2 G-L) in both groups.
Moreover, in these cells there was a colocalization between LC3 and the lysosomal membrane
protein Lamp-1, indicating the fusion of autophagosomes with lysosomes (Fig.3 A-D).
Immunostaining for Cathepsin-D was predominant in spermatogonia, Leydig and Sertoli cells
(Fig.2 M-0), with colocalization between Cathepsin-D and Lamp-1 (Fig.3 E-H). The autophagic
protein Beclin-1 and apoptotic Bcl2 were identified in all cells of the spermatogenic lineage.
However, there was no colocalization of these proteins in secondary spermatocytes, spermatids and
Leydig cells (Fig.3 I-L). These results indicate that autophagy act in the sperm production in the
Nile tilapia as reported in some mammalian species (Ozturk et al., 2017; Yin et al., 2017). In
mice, the specific knockout of gene 7 related to autophagy (Atg7) in germ cells causes infertility
and is related to failures in acrosome biogenesis (Wang et al., 2014). Furthermore, studies suggest
the role of autophagy in the biogenesis of spermatozoa flagella and the removal of cytoplasm
during spermiogenesis (Aparicio et al., 2016). Autophagic activity in the spermatids supports the
possible involvement of autophagy in espermiogenic phase of the Nile tilapia. In medaka, Herpin
et al. (2015) suggest that autophagy is required for the reduction of cytoplasmic organelles during
spermatozoa differentiation.

The autophagic pathway is also required for hormonal synthesis in the testes, and the

deficiency of this process in the Leydig cells is associated with low levels of testosterone in mice
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(Gao et al., 2018). In this study, the strong immunostaining of proteins required for initiation
(Beclin-1) and elongation (LC3) of autophagosomes in the Leydig cells suggests that the
autophagic pathway acts in the Nile tilapia on the synthesis of testosterone through the mobilization
of cholesterol,

Western blot quantification of the autophagic proteins Beclin-1 and LC31I was significantly
higher at 7 and 14 days with subsequent reduction at 21 and 28 days of starvation (Fig.5 B-C). In
addition, P62 increased significantly at times 21 and 28 days (Fig 5D) indicating a reduction of the
autophagic flux with accumulation of p62 in the cells. During autophagy, p62 interacts with LC3,
is incorporated to the autophagosome and degraded by the lysosomal hydrolases (Hansen and
Johansen, 2011). Thus, our results demonstrate that starvation of up to two weeks induces the
autophagic pathway in the Nile tilapia and, after this period, there is a reduction in testicular
autophagic activity. In mammals, autophagy is an indispensable mechanism for the sperm
production, and the deficiency of this process results in male infertility (Ozturk et al., 2017; Yin et
al., 2017). The quantification of Cathepsin-D during starvation did not show any significant
difference between the study groups (Fig. SE). Cathepsin-D can act on degradation of cellular
components via autophagy when located within lysosomes, however, the release of this protein
may be related to the lysossomal death and induction of the apoptotic pathway (Kavcic et al., 2017;
Repnik et al., 2012). In this study, no evidence of cytosolic Cathepsin-D was found in the testicular

cells, thus reinforcing the relevancy of the apoptosis in the testicular physiology.

Apoptosis during spermatogenesis

For apoptosis, we used immunohistochemistry and western blot. In both study groups, the
anti-apoptotic protein Bcl2 was identified in the cytoplasm of all germ cells, however,
spermatocytes and spermatids were strongly positive for this protein (Fig.4 A-C). The pro-apototic
proteins (Bax and Caspase-3) used in this study showed strong cytoplasmic immunostaining in
spermatogonia and spermatids, especially after 7 days of starvation (Fig.4 D-I). In addition,
spermatocytes with condensed nucleus were positive for Bax (Fig.4 D-F). Bcl-2 family proteins
are expressed in distinct germ cell compartments, suggesting a specific role for these proteins in
the maturation and differentiation processes (Oldereid et al., 2001). In addition, the balance
between anti and pro apoptotic proteins guarantees successful spermatogenesis. In the Nile tilapia,

the strong immunostaining of Bcl2 in spermatids is possibly related to the protective role of Bcl2,
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since positive spermatids for Bax and Caspase-3 were frequently observed during starvation. In
birds, Bcl2 expression was able to inhibit apoptosis, especially in spermatogonia (Vilagrasa et al.,
1997).

After 14 days of starvation, the quantification of pro-apoptotic proteins (Caspase-3 and
Bax) showed a significant increase (p > 0.05) when compared to the control group (Fig.5 H and F).
However, the quantification of Bcl2 did not show any significant difference, except between the
control and starvation groups for 28 days (Fig. 5G). The reduction of spermatozoa in seminiferous
tubules is possibly associated with increased expression of Bax and Caspase-3 and decreased
expression of Bcl2, leading to an increase in apoptosis during food restriction.

In addition to apoptosis, autophagy induced by food restriction may have contributed to the
death of germ cells observed in Nile tilapia, since the positive regulation of autophagy by prolonged
starvation may have led to excessive degradation of cellular structures and consequent autophagic
cell death. During the spermatogenesis of mice, autophagy of germ cells induced by hyperthermia
was evidenced by the formation of autophagosomes and the conversion of LC3-I into LC3-II,
leading to cell death along with apoptosis (Zhang et al., 2012).

In conclusion, our data showed, for the first time, the presence of autophagic markers, LC3
and Beclin-1, and autophagic structures in different germ and somatic cells of Nile tilapia males.
In addition, total food restriction reduces the autophagic flow and increases the apoptosis after 21
days treatment, with consequent reduction in the sperm production. These data suggest an essential

role for autophagy controlling the apoptosis of the germ cells during the fish spermatogenesis.
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TABLE 1: Primary antibodies with dilution used in the immunohistochemical reactions.

Primary antibodies Origin Dilution
Bcl2 polyclonal rabbit ABCAM 1:50
Bax polyclonal rabbit ABCAM 1:100
Caspase-3 polyclonal rabbit Sigma 1:200
Beclinl monoclonal mouse ABCAM 1:100
Cathepsin-D polyclonal rabbit ABCAM 1:50
Lamp1 monoclonal mouse ABCAM 1:200
LC3 polyclonal rabbit Santa Cruz Biotechnology 1:200

P62 polyclonal rabbit ABCAM 1:100
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FIGURE CAPTIONS

Figure 1. Histological sections stained with haematoxylin-eosin (A and B) spermatozoa for
seminiferous tubules (C) and area of the seminiferous tubules (D) of testes of Nile tilapia. A:
Control group containing type A undifferentiated spermatogonia (Aund), type A differentiated
spermatogonia (Adif), type B spermatogonia (B), spermatocytes (C), spermatids (T) and
spermatozoa (Z). B: Starvation group 28 days with numerous Leydig cells. Different letters

indicate significant difference among sampling times. Scale bars (A and B) 50 um.

Figure 2. Ultrastructural sections (A-F) and immunofluorescence (G-O) of testes of Nile tilapia.
Nuclei are stained with 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI; blue). A:
spermatogonia B and D: spermatocytes C: spermatids E: Sertoli cell F: Leydig cell; with
autophagosome (AF); autolisosomes (AL) and multilamellar bodies in formation (*CM) G-L:
Leydig cells (Le) insert, Secondary spermatocytes (C2) and spermatids (T) showing intense
immunoreactivity for LC3 and Beclin-1. M-O type A spermatogonia with strong and punctual
immunolabelling for Cathepsin-D of the animals of control and starvation 7D and 14D groups.

Scale bars (A-F) 500 nm, (G-I and M-O) 50 um, (J-I) 75 pm.

Figure 3. Autophagy, lisossomal and apoptotic proteins colocalization in testes of Nile tilapia. A-
D: colocalization of between L¢3 and Lamp-1 indicating the autophagosome and lysosomes fusion
E-H: cathepsin-D and lamp-1 colocalized during spermatogenesis of Nile tilapia mainly in
spermatogonia and Leydig cells I-L: LC3 and Beclin-1 was not show colocalization of the animals
starvation 7D group. Nuclei are stained with 4',6-diamidine-2'-phenylindole dihydrochloride
(DAPI) (blue). Scale bars (A-I) 50 um

Figure 4. Immunofluorescence for Bcl2, Bax (green) and Cascase-3 (red). Nuclei are stained with
4',6-diamidine-2'-phenylindole dihydrochloride (DAPI) (blue). A-C: Secondary spermatocytes
(C2) and spermatids (T) showing strong immunolabelling for Bcl2 mainly in the control, 7 and 14
starvation groups D-I: After 21 days of starvation, type A undifferentiated spermatogonia (Aund),
type A differentiated spermatogonia (Adiff) and spermatids with strongly marked to Bax and
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caspase-3 were frequently observed and primary spermatocytes with condensed nucleus were

positive for Bax. Scale bars (A-I) 50 pym

Figure 5. Western blotting images of autophagic and apoptotic proteins in testes of Nile tilapia.
Actin f was used as internal standard. Data represent the results obtained from 3 animals per

experimental group.
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5.0 DISCUSSAO GERAL

A interacdo entre autofagia e apoptose ocorre em diversos processos fisiologicos e
alteracdes nessas vias estao associadas ao desenvolvimento de doengas como cancer e doengas
neurodegenerativas em humanos. Ambas vias de sinalizagdo sdo conservadas entre as espécies,
e em consequéncia disso, houve um grande avango do conhecimento sobre autofagia e apoptose
em diferentes grupos de animais. Neste sentido, o presente trabalho foi realizado em trés etapas,
utilizando a tilapia do Nilo como modelo experimental. Na primeira etapa, nos avaliamos a
expressdo, interacdo e dinamica existentes entre as proteinas chave da autofagia e apoptose
durante a atresia folicular uma vez que, esses processos apresentam um importante papel na
remodelagdo ovariana ap6s desova (Thomé et al., 2009, Moraes et al., 2012, 2016; Cassel et
al., 2017). Para avaliar a autofagia e apoptose durante a espermatogénese, exemplares adultos
da tilapia do Nilo foram submetidos a restricdo alimentar, pois sabe-se que a deficiéncia
alimentar ¢ a falta de nutrientes como proteinas e glicose estd associado a indugdo da via
autofagica e apoptotica (Ryter et al., 2013; Mejlvang et al., 2018). Assim, na segunda etapa
desse trabalho, nos avaliamos os efeitos de dois regimes de restricdo alimentar na
morfofisiologia da espermatogénese e, posteriormente, na terceira etapa, a expressdo de
proteinas e a inter-relagdo da autofagia e apoptose foi investigada.

Para estudar a dinamica ¢ a interagdo das vias de morte celular envolvidas na
regeneracdo ovariana de tilapia do Nilo, os foliculos atresicos foram divididos em trés estagios:
Foliculo atrésico inicial (AFg), Foliculo atrésico avangado (AFa) e Foliculo atrésico final (AFy).
Nos AFEg, células foliculares apresentam intensa atividade de sintese com numerosas
mitocondrias, reticulo endoplasmatico e Complexo de Golgi. Essas organelas podem estar
relacionadas a sintese de proteinas da maquinaria autofagica e no fornecimento de energia ao

processo apoptotico (Lamb et al., 2013; Chiarelli ef al., 2014).

No foliculo atrésico avancado (AFa) andlises ultraestruturais evidenciaram estruturas
autofagicas, como corpos multilamelares, autofagossomos e autolisossomos, caracterizando a
intensa atividade autofdgica das células foliculares nesta fase. O acimulo dessas estruturas ¢
uma das principais caracteristicas morfologicas da autofagia (Hariri et al., 2000; Kishi-Itakura
et al., 2014), sendo frequentemente observadas em doengas neurodegenerativas (Nixon, 2005).
Ademais, cé€lulas foliculares positivas para LC3 e Beclin-1 apresentaram intensa atividade de
fagocitose do vitelo e zona radiata. Estudos recentes indicam a atuag@o da autofagia durante a
fagocitose (heterofagia) e demonstram que esses processos podem atuar concomitantemente

(Oczypok et al., 2013, Lutz et al., 2017). Neste sentido, nossos resultados sugerem a atuacao
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da autofagia durante a fase avangada da atresia folicular, atuando na manutencao das células
foliculares envolvidas na fagocitose do vitelo. Embora os conhecimentos sobre a morte celular
autofagica sejam incipientes, acredita-se que a autofagia pode levar a morte celular pela
degradacao proteolitica do volume de massa celular ou pela alta degradacao de fatores de
sobrevivéncia celular, o que pode induzir a ativa¢do de um programa alternativo de morte
celular (Nezis et al., 2010 Nikoletopoulou ef al., 2013). Nas fases finais da atresia folicular de
O. niloticus, as células foliculares apresentaram citoplasma eletron-lucido e escasso em
organelas, devido possivelmente a intensa degradagdo e depuragao de organelas e debris
celulares promovidos pela alta atividade autofagica nos AFa.

A interacdo entre as vias autofagicas e apoptdticas foi evidenciada no presente estudo
pelo aumento concomitante na expressao de Beclin-1 e Bcl-2 durante a atresia avangada em
tilapia do Nilo. Estudos mostram que Beclin-1 pode interagir com Bcl-2 através da ligagdo de
Bcl-2 ao dominio BH3 de Beclin-1, inativando assim o processo autofagico (Gump and
Thorburn, 2011; Marino et al., 2014). Entretanto, os altos niveis de Bcl-2 no contexto
apresentado neste estudo podem estar contribuindo para a manutencdo da autofagia e a
sobrevivéncia das células foliculares no AFa. Além disso, nos evidenciamos a interacao entre
as proteinas autofagica LC3 e apoptdtica caspase-3 pela co-localizagdo na fase final da atresia
folicular, possivelmente indicando a clivagem de LC3 por caspase-3. Evidéncias recentes
demonstram que caspases podem atuar clivando proteinas autofadgicas como Beclin-1 e Atg 3
(Kang et al., 2011; Wu et al., 2014).

Ademais, noés relatamos em primeira mao a co-localiza¢do entre catepsina-D e a
proteina especifica de membrana lisossomal LAMP-1 durante a atresia folicular inicial e
avangada. Estes dados indicam que catepsina-D se encontra dentro do compartimento
lisossomal/autolisossomal atuando na degradagdo dos produtos fagocitados (heterofagia) e na
via autofagica principalmente na fase avancada da atresia folicular. Em mamiferos, a hidrolase
acida catepsina-D est4 associada a autofagia atuando na degradagdo de componentes celulares
e a heterofagia, atuando na degradacao lisosomal de materiais extracelulares fagocitados
(Vidoni et al., 2016). Ao final da atresia, a co-localizacdo entre estas duas proteinas foi pouco
frequente e restrita a areas celulares isoladas. A desestabiliza¢do da membrana lisossomica leva
a liberagdo de catepsinas para o citosol iniciando a via lisossomal de morte celular através da
degradacao de proteinas anti-apoptdticas como as pertencentes a familia Bcl-2. Frequentemente
a permeabilizagdo da membrana lisossomal causa perturbagdo na membrana mitocondrial,
levando a ativagdo de caspases e consequente apoptose (Repnik et al., 2012; Nilsson et al.,

2005; Kroemer and Jadtteld 2005; Gomez-Sintes et al., 2016). Neste sentido, nossos achados
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sugerem que a permeabilidade da membrana lisossomal em células foliculares ao final da
regressdo folicular pode levar a morte celular via apoptose, evidenciada pelo aumento da
expressao de Bax, caspase-3 e células TUNEL positivas.

Estudos em mamiferos demonstram que a restri¢ao alimentar ¢ um potente indutor da
via autofagica, inclusive durante a espermatogénese (Wang et al., 2017; Wanichanon and
Isidoro, 2019). Além disso, condigdes nutricionais desfavoraveis influenciam negativamente
todos os aspectos da reproducao em vertebrados, das fases inicias da gametogénese a
viabilidade dos ovos e producao espermatica (Luquet and Watanabe, 1986; Cheah and Yang,
2011; Escobar et al., 2014; Jobling, 2016; Gilad et al., 2018; Churchill et al., 2019).

No presente trabalho, a restricdo alimentar total afetou negativamente o indice
gonadossomatico (IGS) e o didmetro dos tibulos seminiferos, e foi associada a alteracdes
graves na morfologia testicular como desorganizacdo e degeneragdo do testiculo, levando a
aumento da apoptose e diminui¢do da proliferagdo das espermatogonias. O IGS é um importante
indicador da saude geral e capacidade reprodutiva de um organismo (Collins, 2002; Frantzen
et al., 2004; Duston and Saunders, 2011; Grone et al., 2012) sendo afetado negativamente pela
privacdo de nutrientes como observado em algumas espécies de peixes (Silverstein and
Shimma, 1994; Chatzifotis et al., 2011; Suchiang and Gupta, 2011). Alteragdes teciduais
severas como as observadas neste estudo também foram relatadas apds longos periodos de
restri¢ao alimentar total em outras espécies de peixes (Suchiang and Gupta, 2011; Pikle ef al.,
2017). Por outro lado, animais submetidos a jejum intermitente, com periodos de realimentagao
mantiveram a arquitetura e morfologia tecidual e das células germinativas, porém foi observado
redugdo de espermatozoides e dos niveis plasmaticos de carboidratos e lipidios. Corroborando
esses achados, a tilapia Mogambique apresentou resposta similar as do presente estudo com
preservacao do tecido testicular apos ciclos de 6 dias de alimentagdo e 6 dias de jejum (Pikle
etal.,2017).

Assim como em mamiferos, a restricao alimentar em peixes estd associada a redugdo dos
niveis plasmaticos e teciduais de lipidios, principalmente de colesterol, molécula requerida para
sintese de testosterona nas células de Leydig (Pérez-Jiménez et al., 2007; Prasad, 2015; Rossi
etal.,2015). A redugdo dos niveis de testosterona e 11-ketotestosterona observada neste estudo
ap6s 7 dias de restri¢do total pode estar relacionada a reducdao dos niveis de colesterol total
plasmatico, como observado em humanos, outros mamiferos e em peixes (Morrison et al.,
2002; Eacker et al., 2007; Velasco-Santamaria et al., 2011). O pico de cortisol observado aos 7
dias na tilapia do Nilo coincidiu com a redugdo dos niveis plasmaticos de testosterona e 11

ketotestosterona. De fato, os glicocorticoides, em especial o cortisol, podem atuar
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negativamente em todas as fases da espermatogénese tanto em peixes quanto em mamiferos
(Weber et al., 2002; Milla et al., 2009; Dey et al., 2010). Estudos sugerem que os altos niveis
plasmaticos de cortisol estdo relacionados a redugdao do potencial esteroidogénico das células
de Leydig por reduzir a sensibilidade destas células ao hormdnio luteinizante (LH) (Orr and
Mann, 1992; Whirledge and Cidlowski, 2010).

Em peixes as células de Leydig sdo responsaveis pela conversao de testosterona em 11-
ketotestosterona, o principal andrégeno durante a espermatogénese (Gazola and Borella, 1997,
Ohta et al., 2007). No presente estudo, o aumento progressivo na proliferagao de células de
Leydig juntamente com maior propor¢ao destas células em animais submetidos a restricao
alimentar total sugerem um mecanismo compensatorio para aumentar a esteroidogénese e suprir
os baixos niveis plasmaticos de testosterona e 11- ketotestosterona. Estudos recentes tém
demonstrado a atuagdo da via autofagica na captacdo e utilizacdo de colesterol pelas células de
Leydig para sintese de testosterona (Gao ef al., 2018) Neste sentido, a reducdo significativa
da expressdo de proteinas autofagicas nos testiculos de tilapia do Nilo pode ter contribuido para
0 aumento compensatorio do nimero de células de Leydig, que embora aumentadas podem nao
estar totalmente funcionais. A baixa concentracao de testosterona e 11-ketotestosterona pode
estar associada a reducao da propor¢ao de Aundg € Adifr positivas para Ki67, uma vez que a 11-
ketotestosterona reprime a liberacdo de hormodnio anti-miilleriano (AMH), que atua inibindo o
processo proliferativo (Ohta et al., 2007; Schulz et al., 2010b; Skaar ef al., 2011).

A restri¢do alimentar total em tilapias do Nilo aumentou significativamente a propor¢ao
de espermatocitos, espermatides e espermatozoides TUNEL positivos e aumentou
significativamente a expressdo de Bax e Caspase-3 nos testiculos, estes achados podem
justificar a reducdo de espermatocitos e espermatozoides nos grupos tratados. Além disso,
analises ultraestruturais de espermatdcitos e espermatides evidenciaram alteragdes
morfoldgicas que podem culminar em células anormais eliminadas por apoptose. A apoptose
participa da homeostase celular do testiculo, entretanto, estimulos externos como a privagao de
nutrientes, estdo associados ao aumento da apoptose durante a espermatogénese em anfibios e
em mamiferos (Wang et al., 2012; Gonzalez et al., 2018). Em peixes, o aumento da apoptose
em células germinativas foram associadas a altos niveis de cortisol e a diminuicdo de 11-
ketotestosterona (Pickering et al., 1987; Carragher et al., 1989; Pottinger et al., 1996; Goos and
Consten, 2002; Milla et al., 2009).

Estudos recentes evidenciaram o importante papel de autofagia durante a
espermatogénese, atuando no remodelamento citoplasmatico e removendo estruturas

desnecessarias durante a diferenciagdo das espermatides (Herpin ef al., 2015; Shang et al.,
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2016) e na formagdo do acrossoma e do flagelo (Wang et al., 2014; Shang et al., 2016)e na
sintese de testosterona por promover a captacdo e utilizacdo de colesterol pelas células de
Leydig (Gao et al., 2018). Nos tltimos anos € notavel o avango do conhecimento sobre o papel
da autofagia durante a espermatogénese, entretanto a atuagdo da via autofagica e os mecanismos
moleculares envolvidos na espermatogénese sao pouco conhecidos principalmente durante a
espermatogénese de peixes. Nossos dados evidenciaram, pela primeira vez, a presenca de
marcadores autofagicos como LC3 e Beclin-1 e autofagossomos em diferentes células da
linhagem germinativa assim como nas células de Leydig e de Sertoli. Além disso, nossos dados
sugerem que a redugdo de espermatozoides nos tibulos seminiferos esta relacionada a redugdo

da autofagia e aumento da apoptose ap6s 21 dias de restri¢do alimentar total.

6.0. CONCLUSOES

e Na fase avancada da atresia folicular, a autofagia é essencial para a manutencio da
homeostase das células foliculares durante a fagocitose de vitelo;

e A apoptose dependente de catepsina-D pode contribuir para a eliminagdo das células
foliculares no final da atresia folicular;

e A restricdo alimentar total reduz progressivamente os niveis de testosterona e 11
ketotestosterona e leva a danos nos testiculos de tilapia do Nilo

e Animais submetidos ao sistema de realimentacdo apresentaram atraso na
espermatogénese;

e (¢lulas germinativas e somaticas da tilapia do Nilo expressam proteinas autofagicas e
apoptoticas e alteracdo dessas vias pode comprometer a progressao da espermatogénese.

e Apds 21 dias de restricdo alimentar total, a diminuicdo da autofagia e aumento da
apoptose compromete significativamente a espermatogénese e producao espermatica da

tilapia do Nilo.
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Pollutants found dispersed in water can cause irritations on the gills, challenge the immune system and
prejudice the welfare of the fish. Here we investigated molecules linked to proliferation, survival, and cell
death, as well as inflammatory and vascular control, in a model of fish gill remodeling, from injury to
recovery. We assessed the gill histology and immunohistochemistry for PCNA, iNOS, HSP70, and Bax in
Hypostomus francisci obtained from a river subjected to chronic anthropic influences and then after they
were placed in water of good quality. A total of 30 H. francisci adult individuals were collected and
distributed into two groups: euthanized on the day of capture (group 1) and maintained for 30 days in an
aquarium (group 2). In all the fish from group 1, the primary and secondary lamellae showed hyper-
trophy of the respiratory epithelium, lamellar fusion, lifting of the epithelium, aneurysm, hyperemia, and
vascular congestion. On the other hand, in all the fish from group 2, restoration of gill integrity was
observed, and the primary and secondary lamellae showed a simple epithelium, absence of lamellar
fusion, hypertrophy, and aneurysm. Gills of fish from group 1 had higher frequency of cells immuno-
positive for PCNA, iNOS, HSP70, and Bax than those of fish from group 2 (p < 0.05). The molecular and
cellular mechanisms from injury to recovery were proposed, with a balance between survival and cell
death signals being essential for determining the gill structure. In addition, the findings indicate that
recovery of the structural organization of gills is possible if fishes are maintained in good-quality water,
indicating the importance of the conservation of aquatic environments.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

chemicals, heavy metals, and other xenobiotics. In this sense, fishes
are sentinel organisms that can be used as bioindicators of envi-

Rapid population growth and urbanization of extensive areas
have resulted in anthropogenic changes in aquatic ecosystems.
Therefore, water quality is directly related to the safety of human
health and the animals that inhabit these environments [1]. Among
aquatic organisms, fishes are directly affected by uncontrolled
discharge of domestic and industrial sewage, agricultural
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ronmental stress from abiotic and biotic changes caused by pol-
lutants. The first responses of these organisms to environmental
stress are changes at the cellular and tissue levels [2,3].

Because fish gills have a large surface area in contact with water,
structural modifications in gills have been widely used as indicators
of environmental contamination [4]. Most teleost fishes have four
pairs of gill arches. These arches are supported by a cartilage and/or
bone associated with the abductor and adductor muscles, facili-
tating the movement of the gills. From each arch emerge primary
lamellae that are subdivided into secondary lamellae, increasing
the available surface area for contact with the environment [5]. The
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lamellae are the major sites of oxygen uptake in fishes and are
responsible for both active and passive ion fluxes [6]. In addition to
the lamellae, there are highly vascularized and diverse cell types in
the gills, including pavement epithelial, pillar, immune,
mitochondria-rich (MR), and mucous cells (MCs) [5].

Several experimental studies have evaluated gill damage
induced by xenobiotics such as heavy metals and pesticides [7—9]
as well as the structural and functional recovery of gills, espe-
cially the time required for such recovery after the fishes are placed
into good-quality water [10—13]. Moreover, gills have been used
previously as a biomarker in fishes from impacted environments
[14—16]. However, the evaluation of gill recovery after tissue injury
and the cellular and molecular mechanisms involved have not yet
been reported.

Exposure regimes of pollutants experienced by fish are difficult
to determine. Often, there is fluctuation of chemicals in river's
water due to variable rates of biodegradation, as well as the phys-
iochemical conditions and water flow rates. These factors might
alter dilution levels of discharged effluents and movements of fish
between habitats [17]. Chemically induced alterations in tissue
histology provide a stronger indication of long-term exposure
history [18]. While there are great physiological and biological
differences between fishes, the morphological changes in the gills
after exposure to xenobiotics or physicochemical alterations in
water lead to similar tissue injuries such as hyperplasia, cell hy-
pertrophy, and/or vascular damage, which are independent of the
fish species. Moreover, the causes and consequences of these gill
changes, particularly the reversibility of the alterations, are not well
established.

The armored catfish Hypostomus is a typical benthic fish that
maintains a close relationship with its environment. Once these
fish live at the bottom of rivers and have a detritivorous feeding
habit, they come in contact with various pollutants that tend to
accumulate on river sediments [ 14]; these fish have thus become an
excellent bioindicator. In addition to the ecological role, the
armored catfish are important economically. H. francisci has a wide
distribution along the Sao Francisco basin and is often caught in the
Itapecerica River, a tributary of the Para River [19,20].

Hence, we aimed to investigate the molecules linked to prolif-
eration, survival, and cell death in a model of fish gill remodeling,
from injury to recovery. For this purpose, we assessed the gill his-
tology and immunohistochemistry in H. francisci obtained from a
river subjected to chronic anthropic influences and after habitation
in good-quality water.

2. Materials and methods
2.1. Experimental design

Thirty adult specimens of H. francisci were captured from the
Itapecerica River in an urban area of the city of Divindpolis
(20°13'09” 'S; 44°54'51" W and 20°07'80" S; 44°52'83" W),
Southeastern Brazil, in July 2014 (dry season). On the day of sam-
pling, the following physicochemical parameters were obtained:
temperature = 26 °C, pH = 6.43, conductivity = 71 ps/cm, dissolved
oxygen = 5.92 mg/L, and turbidity = 25.34 ut. The Itapecerica River
receives generalized pollution from organic and industrial effluents
as a result of poorly planned municipal sewage systems. A historical
monitoring series (1997—2012) of the water quality of the Itape-
cerica River evidence a lot of thermotolerant coliforms and
ammonium nitrogen, being classified as Water Quality Index (WQI)
between medium and poor [21]. Fish were caught alive using
casting nets, without injuring their gills. After capture, the fish were
quickly carried to the laboratory in plastic tanks supplied with air
and then divided into two groups (n = 15 per group). Group 1 was

euthanized with 250 mg/L benzocaine on the day of capture. Group
2 was maintained for 30 days in an aquarium with good-quality
water (150 L). Dechlorinated water supply for the aquarium was
provided by COPASA (Sanitation Department of the State of Minas
Gerais), and the aquarium was maintained at 25 °C, with constant
oxygenation, pH 6.8, and a controlled photoperiod. The fish were
fed daily with commercial feed for 30 days until euthanasia with
250 mg/L benzocaine. The total length (TL) and body weight (BW)
were recorded for each fish. All procedures were performed
following the ethical principles established by the National Council
of Animal Experimentation (CONCEA), with minimum stress to the
fish. The study was approved by the ethics committee of the Uni-
versidade Federal de Sao Joao Del Rei, n° 49/2010.

2.2. Histology and immunohistochemistry

Gill samples from the right side of the fish were gently dissected
and fixed in Bouin fluid. Samples were then stained with hema-
toxylin and eosin (HE) for routine histological analyses or with
periodic acid—Schiff (PAS) and/or alcian blue (AB, pH 2.5) for the
staining of carbohydrates.

For transmission electron microscopy, the samples were fixed in
modified Karnovsky's solution (2.5% glutaraldehyde and 2% para-
formaldehyde) in 0.1 M phosphate-buffered saline (PBS, pH 7.3) for
18—24 h at 4 °C, post-fixed in 1% osmium tetroxide and 1.5% po-
tassium ferrocyanide for 2 h, and embedded in Epon/Araldite
plastic resin. Ultrathin sections were stained with uranyl acetate
and lead citrate before examination with a Tecnai G2- 135 12 Spirit
transmission electron microscope at 120 kV.

Histological sections of the gills were maintained in PBS;
endogenous peroxidase activity was blocked by the addition of 3%
hydrogen peroxide (H0) in PBS for 30 min at room temperature.
The sections were subjected to antigen recovery in 10 mM sodium
citrate buffer (pH 6.0) for 20 min at 100 °C. Nonspecific binding was
blocked by incubation of sections in 2% bovine serum albumin
(BSA) in PBS for 30 min at room temperature. The sections were
incubated overnight with primary antibodies for heat-shock pro-
tein 70 (HSP70) (sc-373867; 1:1600), proliferating cell nuclear an-
tigen (PCNA) (sc-56; 1:200), Bax (sc-526; 1:200), and inducible
nitric oxide synthase (iNOS) (sc-651; 1:200) from Santa Cruz
Biotechnology. The antibody reactions were visualized using the
LSAB 2 System HRP Kit from Dako Cytomation (K 0675), followed
by staining with diaminobenzidine (DAB) and counterstaining with
hematoxylin. The negative control slide did not receive primary
antibody.

2.3. Morphometry

Morphometry was performed on three fish per group using
three representative gill filaments stained with HE. The filaments
were photographed and divided into three equal parts, namely
basal (proximal region of the primary lamella), intermediate, and
apical (distal region of the primary lamella), using a light micro-
scope coupled to Axiovision 4.8 software. For each filament, the
following parameters were obtained in micrometers (um) [22]:
secondary lamellar length and width (SLL and SLW, respectively),
primary lamellar width (PLW) and interlamellar distance (ID). PAS-
and AB-positive cells, as well as, cells immunopositive for PCNA and
iNOS were obtained by counting three representative gill filaments
per fish.

2.4. Western blot

To evaluate HSP70 and Bax expression, 100 mg of gill samples
from three fish per group were sonicated in
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radioimmunoprecipitation assay (RIPA) buffer containing protease
inhibitors [aprotinin and phenylmethylsulfonyl fluoride (PMSF)].
The homogenate was centrifuged at 15,000xg for 30 min at 4 °C,
and the supernatant containing the proteins was used for analysis.
Total protein concentrations were determined using the Bradford
method [23]. An amount of protein corresponding to that present in
100 pg of each sample was mixed with sample buffer, subjected to
10% gel electrophoresis, and subsequently transferred to a nitro-
cellulose membrane. After transfer, nonspecific reactions were
blocked, and the membrane was incubated overnight with primary
antibodies (HSP70 1:500 and Bax 1:500). The membrane was
incubated for 45 min with secondary antibody conjugated with
peroxidase (1:1500). The reactions were visualized by the addition
of DAB in PBS containing chloronaphthol, methanol, and H,0,
(bands). A membrane stained with Ponceau S was used as a loading
control (LC) [24,25]. All tests were performed in triplicate, and the
band density obtained was estimated using Image ] software. The
results were expressed as band density/LC.

2.5. Statistical analysis

The results were expressed as the mean + standard deviation
(SD) and compared between groups 1 and 2 using Student's t-test.
The Kolmogorov—Smirnov test was used to assess the normality of
data. All statistical tests were performed using Graph Pad software,
INSTAT, version 3.00 (Graph Pad Software, San Diego, CA, USA). Ap
value less than 0.05 was considered statistically significant.

3. Results

The total length and body weight ranged, respectively, from 15.0
to 36.0 cm (21.5 + 3.8) and from 37.5 to 440 g (117.07 + 72) for G1
and from 20.5 to 25.5 cm (23.2 + 1.7) and from 63 to 160 g
(104.3 + 31.6) for G2 (p > 0.05).

3.1. Structural organization of gills from H. francisci under two
different conditions

In all the fish from group 1, the gill epithelium was stratified and
consisted of several cell types, including cubic or prismatic cells
lining the secondary lamellae, mucuos (MCs) and mitochondria-
rich cells (MRCs) (Fig. 1A and B). In the secondary lamellae, hy-
pertrophy of the respiratory epithelium and pillar cells, complete
fusion of several secondary lamellae, lifting of the epithelium,
aneurysm, hyperemia, and vascular congestion were observed
(Fig. 1A and B). Moreover, an interlamellar cell mass was observed
throughout the length of the lamellae (Fig. 1A and B). Marked
presence of MCs was observed by strong PAS and AB staining,
mainly in the apical and medial regions of the lamellae, respectively
(Fig. 1B, E, H). MCs were found in the apical region of primary and
secondary lamellae with cytoplasm filled with electron-dense
secretory granules, and the Golgi apparatus and endoplasmic re-
ticulum were both well developed. The nucleus was euchromatic
and located in the basal region of the cell (Fig. 1F). When PAS and
AB stains were used together, we observed two populations of MCs
in the apical region of the lamellae: PAS-positive cells and PAS-AB-
positive cells (Fig. 1]). Necrosis and inflammatory infiltrate were
also observed in few areas (Fig. 1A). MRCs were located at the base
of the secondary lamellae, between MCs, and the cytoplasm was
strongly stained with eosin (Fig. 1B). Degenerating cartilage, which
supports the primary lamellae, and a dilated venous sinus filled
with blood were also observed.

In the fish from group 2, the primary and secondary lamellae
were lined with a simple epithelium containing pavement cells,
MCs, and MRCs (Fig. 1C and D). The restoration of gill integrity was

observed, which was characterized by the appearance of inter-
lamellar distance, absence of lamellar fusion, hypertrophy, and
aneurysms in primary and secondary lamellae (Fig. 1C, G, I).
Moreover, cellular debris was observed between secondary
lamellae, which probably resulted from tissue remodeling (Fig. 1C).
Ultrastructural analysis of the gills in the fish from group 2 showed
secondary lamellae containing epithelial squamous cells with a
euchromatic nucleus and cytoplasm containing mitochondria and
various organelles (Fig. 1D). These cells were supported by the
basement membrane. Pillar cells showed numerous, irregular ex-
tensions, which presented as an electron-dense cytoplasm associ-
ated with blood capillaries. MRCs presented as ovoid shapes with
cytoplasm rich in mitochondria, endoplasmic reticulum, and
electron-dense cytoplasmic inclusions (Fig. 1D). The number of
PAS- or AB-positive MCs was significantly decreased in secondary
and primary lamellae (Fig. 1G, I). The primary lamellae were sup-
ported by an intact cartilage without a dilated venous sinus (Fig. 1C,
G, ).

3.2. Immunohistochemistry and western blot

In gills of the fish from group 1, PCNA immunolabeling was
observed throughout the length of the primary lamellae (Fig. 2A
and B). Several PCNA-positive cells were observed in the hyper-
trophy of the respiratory epithelium and in the interlamellar cell
mass presents in the apical and medial regions. Moreover, PCNA-
positive MRCs were noted (Fig. 2A and B). In gills of the fish from
group 2, the respiratory epithelium consisted of a simple layer, did
not show an interlamellar cell mass, and had scarce PCNA-positive
cells (Fig. 2C).

The gill tissues of the fish from group 1, several iNOS-positive
cells were dispersed throughout the primary and secondary
lamellae (Fig. 2D and E). The labeled cells were associated with
blood vessels of nearby pillar cell (Fig. 2E). No iNOS staining was
observed in the apical interlamellar cell mass, but some iNOS
staining was recorded in the medial region (Fig. 2D). There was no
iNOS staining of MCs or MRCs. After 30 days, the simple respira-
tory epithelium of the gills showed some iNOS-stained cells,
which were limited to the internal area of the secondary lamellae
(Fig. 2F).

In gills of the fish from group 1, Bax staining was evident
throughout the length of the primary lamellae. The labeling was
cytoplasmic, without any predominant cell type (Fig. 3A and B).
Apoptotic cells were observed throughout the length of the sec-
ondary lamellae (Fig. 3A). Bax-stained cells in the interlamellar
cell mass were found in the apical region of the primary lamellae
(Fig. 3B). Moreover, early degenerating cartilage was observed in
several Bax-positive chondrocytes (Fig. 3A inset). In gills of the
fish from group 2, the simple respiratory epithelium that lined
the primary and secondary lamellae contained few Bax-positive
cells (Fig. 3C). Interestingly, the cellular debris present in the
interlamellar space was strongly Bax positive (Fig. 3D). In addi-
tion, it was possible to identify cells with a typical apoptotic
morphology associated with the secondary lamellae or cell debris.
These cells had an electron-dense nuclear material that charac-
teristically aggregated along the periphery of the nuclear mem-
brane, had lost cell—cell contact, and formed apoptotic bodies
(Fig. 3E).

In gills of the fish from group 1, the cytoplasm of hypertrophic
squamous cells was predominantly labeled with HSP70-positive
cells throughout the length of the primary lamellae (Fig. 4A).
HSP70 was also observed in pillar cells, the interlamellar cell mass,
and MRCs (Fig. 4B). In the primary lamellae, strong HSP70 staining
was observed in the degenerating cartilage (Fig. 4A). In gill tissues
of the fish from group 2, immunostaining for HSP70 decreased
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Fig. 1. Light and electron microscopy of histological sections of gills. Hematoxylin and eosin (a—c), Transmission electron microscopy (d and f), Periodic Acid-Schiff (PAS) (e and g)
and alcian blue (AB) (h and i) histochemistry, PAS and AB combined in Hypostomus francisci (j). Gills from animals 0 h (a-b, e-f, h and j) and 30 days (c-d, g and i). a-b). Interlamellar
cell mass (*), hypertrophy of the respiratory epithelium (white arrows) and pillar cells (black arrows), hyperemia (H), mitochondria-rich cells (MRC) and mucous cells (MC) in the
medial and apical segments from primary lamellae (PL), respectively. ¢, g and i) primary lamellae (PL) with cartilage (C), cellular debris (stars) between secondary lamellae (SL) well
individualized. d) secondary lamella with squamous cell (SC), pillar cells (PC) and mitochondria-rich cell (MRC). e) apical region of primary lamella with PAS-positive mucous cells
organized in layers (MC). f) mucous cells with granules of secretion (G) and basal nucleus (N). h) AB-positive mucous cells were numerous in secondary lamellae and less frequent in
the apical region of the primary lamellae (PL). j) PAS-positive mucous cells (magenta) and PAS + AB-positive mucous cells (purple) in the apical segment from primary lamellae
showing. Erythrocyte (Er); Endoplasmatic reticulum (ER). Insert: a) Necrosis and inflammation (N) and lifting epithelial (small asterisk). b) Aneurysm (A). Bars: a, ¢, e, g, h and i
100 pm; b and j = 50 um; d and f = 2 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 4C and D), but the cellular debris located in the interlamellar 4. Discussion
space was stained with HSP70 (Fig. 4D).

The present study showed, for the first time, the immunoloc-
alization of PCNA, iNOS, Bax, and HSP70 during gill remodeling in a
fish species caught in a human-perturbed river and subsequently
placed into good-quality water. Both molecular and cellular
mechanisms from injury to recovery were proposed, with a balance
between survival and cell death signals being essential for deter-
mining the gill structure (Fig. 6).

Benthic fishes such as H. francisci tend to spend less energy and
thus require a lesser amount of oxygen than nektonic fishes, lead-
ing to morphological differences between their gills [26]. However,
it is common to see similar descriptions of gill changes in both
benthic and nektonic fishes [14]. This is because gill remodeling is
related to oxygen demand and can be considered a defense
response that leads to a decrease in the entry of toxic compounds
through the gills [27]. Histological changes such as lamellar fusion,
hypertrophy of the lamellar epithelium, and increased numbers of
MCs were observed in the gills of H. francisci from group 1; similar

3.3. Gill morphometry

SLW and PLW were significantly higher in the fish from group 1
than in those from group 2. However, SLL and ID were significantly
lower in the fish from group 1 fish than in those from group 2
(Table 1). The number of PAS- and AB-positive MCs was higher in
gill tissues of the fish from group 1 than in those of the fish from
group 2 (p < 0.001) (Fig. 5). On the other hand, the number of PAS-
positive MCs was higher than the number of AB-positive MCs in gill
tissues of the fish from group 1. The number of PCNA- and iNOS-
positive cells was higher in the fish from group 1 fish than in
those from group 2 (p < 0.001) (Fig. 5).

Densitometric analysis of western blot bands was performed for
Bax (Fig. 3F and G) and HSP70 (Fig. 4E and F); the results revealed
that these proteins were significantly higher in gill tissues of the
fish from group 1 than in those of the fish from group 2 (p < 0.001).
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Fig. 2. a-f Immunohistochemical reactions for PCNA (a—c) and iNOS (d—f) in Hypostomus francisci. Gills from animals 0 h (a-b and d-e) and 30 days (c and f) evidencing PCNA-
positive cells (black arrows) in the apical and medial regions from primary lamellae (PL) and iNOS-positive cells (white arrows) in the medial region from primary lamellae
(PL). Observe a few PCNA-positive cells in gills from animals of 30 days (c), PCNA-positive mucous cells (insert a) and absence of iNOS-positive cells in the apical region from primary
lamellae (insert d). Interlamellar cell mass (*); aneurysm (A); cartilage (C); chondrocytes (discontinuous black arrows); hypertrophy of the respiratory epithelium (white arrows
small); cartilage in degeneration (discontinuous white arrows); lifting epithelial (small asterisk); mitochondria-rich cells (MRC); cellular debris (stars); individualized secondary
lamellae (SL). Bars: a, c and d 100 pm; b, e and f = 50 pm.

Fig. 3. a-d Immunohistochemical reactions for Bax; e) transmission electron microscopy; f) Representative image of Western blot and a Ponceau S staining for loading control (LC);
g) Quantification of Bax expression by densitometry using bands of Western blot in Hypostomus francisci. a-b) Medial and apical region from primary lamellae respectively, from
animals 0 h showing Bax-positive cells (black arrows), c-d) Gills from animals 30 days showing presenting few Bax-positive cells. e) apoptotic cell in secondary lamella from 30 days.
Insert: a) Bax-positive chondrocytes in primary lamellae. b) Bax-positive mucous cells present in apical region from primary lamella. c) Bax-positive cells in apical region from
primary lamellae. Interlamellar cell mass (*), primary lamellae (PL), cartilage (C), cellular debris (stars), individualized secondary lamellae (SL), nucleus (N), condensed chromatin
(Ch). Bars: a-b and d = 50 pm; ¢ = 100 pm; e = 2 pm. Different letters indicate p < 0.05.
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Fig. 4. a-d Immunohistochemical reactions for HSP70; e) Representative image of Western blot and a Ponceau S staining for loading control (LC); f) Quantification of HSP70
expression by densitometry using the bands of Western blot in Hypostomus francisci. a-b) Gills form animals 0 h showing HSP70-positive cells (black arrows), interlamellar cell mass
(*), primary lamellae (PL) with chondrocytes (discontinuous black arrows), hypertrophy of the respiratory epithelium (small white arrows) and cartilage (C) in degeneration
(discontinuous white arrows). c-d) Gills from animals 30 days with cellular debris (stars) between secondary lamellae (SL) well individualized. Bars: a and ¢ 100 um; b and

d = 50 um. Different letters indicate p < 0.05.

Table 1
Morphometry of the gill structures of each filament region: secondary lamellar length (SLL) and width (SLW), primary lamellar width (PLW) and interlamellar distance (ID).
Groups Lamellar region SLL SLW ID PLW
G1 Apical 127.5 + 28.7 253 +57 15.7 £ 6.3 207.2 +£33.2
Intermediate 129.9 + 234 262+53 15.6 +3.5 147.6 + 32.7
Basal 124.0 + 27.5 253 +5.2 157 £ 63 128.11 + 283
G2 Apical 1949 + 37.8* 7.6 +1.8* 369 + 6.1* 88.7 + 24.5"
Intermediate 200.3 + 24.7F 7.8 +2.0" 354 +3.2" 32.0+9.1%
Basal 184.0 + 28.1* 73 +1.2* 36.7 + 6.2* 28.3 + 4.8*

Data are expressed as mean + SD in micrometers (um), (*) significant difference between G1 and G2, p < 0.05.

results were also observed in Hypotomus auroguttatus [14]. In
nektonic fishes, similar findings were observed in gills of Squalius
vardarensis captured from three polluted rivers in Macedonia [28]
as well as in Astyanax fasciatus and Cyanocharax alburnus; all
these results correlated with environmental degradation [29].
Thus, it is feasible that the histological changes observed in gills
follow a common induction pattern that is independent of the type
of fish and stressor agent.

The partial or total fusion of the secondary lamellae observed in
the medial and apical regions of gills of H. francisci from group 1 led
to an increase in the thickness of the primary and secondary
lamellae and a consequent decrease in ID in these fish. The increased
thickness of gill filaments can act as a barrier to xenobiotics present
in water since this process could increase the distance between the

capillary and the lamellar surface, reducing the absorption of pol-
lutants [30]. The observed lamellar fusion was associated with hy-
perplasia (cell proliferation) that results in the reduction of the area
in contact with the environmental stressor as well as the formation
of an interlamellar cell mass. PCNA is a pleiotropic protein that
functions in several vital cellular processes, including chromatin
remodeling, DNA repair, and cell cycle control, by interacting with
different enzymes and regulatory proteins [31—33]; it is a molecular
marker for cellular proliferation [34] and has been used in studies of
morphological changes in gills [7]. PCNA immunoreactivity was
observed in epithelial cells, MRCs, and MCs; immunopositivity for
PCNA was also largely detected in interlamellar cell masses in both
medial and apical regions in H. francisci from group 1. Interlamellar
cell masses are composed of undifferentiated cells [27], justifying
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Fig. 5. Number of cells per lamellae stained by periodic acid Schiff (PAS), alcian blue (AB), PCNA and iNOS in gills from animals 0 h and 30 days in Hypostomus francisci. Different

letters indicate statistical difference for the same stain with p < 0.05.

Fig. 6. Proposed model for gills structure recovery. The arrows with the same color color guide the pathway from injury until the normal histology. During the injury, the cell
proliferation and the signals of blood vessels change are the primary response, increasing PCNA and iNOS, respectively. The Bax levels support the apoptosis pathway as an
important mechanism to lead to normal morphology of gills during the remodeling. At final gill recovery, HSP70 expression decrease. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

their high proliferative rate and supporting the epithelial renewal
and proliferation of new MRCs and MCs. In fact, several authors have
reported increases in the numbers of these cells caused by exposure
to toxins [8,35,36]; however, whether the origin of these histological
findings (increase in MRC and MC) is cell division or differentiation
remains unclear. Given the functional specialization of MRCs and
MCs, it is more likely that PCNA found in these cells is due to DNA
repair and cell survival.

Inflammatory processes in gill lamellae could also have
contributed to the lamellar remodeling in this study. Nitric oxide
(NO) is an important intra- and intercellular signaling molecule
involved in the regulation of diverse physiological and patho-
physiological mechanisms in cardiovascular, nervous, and immu-
nological systems. NO regulates the vascular tone, inflammatory
process, and ion balance in both mammals and fishes [7,37]. It is

also synthesized inside cells by the action of NOS in the presence of
oxygen and arginine. Three distinct isoforms of NOS have been
described in vertebrates: neuronal NOS (nNOS, iNOS), and endo-
thelial NOS (eNOS). iNOS is a high-output, Ca®*-independent
enzyme whose expression can be induced in a wide range of cells
and tissues by cytokines and other agents [38]. In this sense,
inflammation and most vascular abnormalities observed in gills are
likely related to an increase in the number of iNOS-positive cells.
Severe vascular disorders such as aneurysms and congestions were
frequently observed in H. francisci from group 1. Gill aneurysm is a
severe pathology resulting from the collapse of the pillar cell sys-
tem; it affects the vascular integrity and causes disruptions of the
lamellar epithelium and subsequent hemorrhage [39]. The occur-
rence of aneurysms is commonly described in the gills of fishes
exposed to stressors [29,40,41], but it could be attributed to iNOS
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expression. The possibility of recovery after a gill aneurysm remains
controversial. A lamellar aneurysm is always related to a serious
and often irreversible pathology in fish gills [14,42,43]. However, in
the present study, when fish were placed into good-quality water,
we observed a decrease in iNOS expression, with full recovery of
lamellar aneurysms after 30 days.

Apoptosis, or programmed cell death, is triggered when cells are
exposed to physiological changes or pathogenic or cytotoxic stimuli
as well as during tissue homeostasis. Apoptosis is highly regulated
by signaling pathways controlled by pro- and antiapoptotic pro-
teins. Members of the Bcl-2 family are important regulators of
apoptosis; they are cellular homologs that are either proapoptotic
(Bax, Bik, and Bid) or antiapoptotic (Bcl-2 and Bcl-XL) [44]. Bax
activates apoptosis under conditions such as growth factor depri-
vation, DNA damage, and hypoxia [45]. In the present study, the
high Bax expression observed in gills of the fish from group 1
occurred in various cell types along the lamellae, as a result of two
possible activation mechanisms: 1) cellular damage triggered by
environmental stress or 2) control of cell proliferation. The high
rate of apoptosis observed in the gills of the fish from group 1 may
be related to potential DNA damage caused by direct exposure to
contaminants present in the river. Interestingly, Bax expression was
observed in cartilaginous cells, supporting the idea of cartilaginous
degeneration. In teleost fishes, a significant increase in apoptosis
has been used as a biomarker of aquatic environment after expo-
sure to different types of xenobiotics known to damage the liver
and gills of aquatic animals [46—49]. However, after 30 days in
good-quality water, apoptosis was stimulated in an appropriate
number of cells to stimulate gill structure recovery.

Cellular hypertrophy generally indicates an increase in cellular
activity and is a very common morphological change related to gill
damage; it leads to thickening of the epithelium [27]. Cells respond
to stress by adaptive changes that limit or repair damage, thereby
preventing cell death [50]. In this sense, the increase in HSP70
expression observed in the lamellar epithelium of the fish from
group 1 can be related to protein synthesis required for the main-
tenance of cell viability and inhibition of apoptosis. HSP70 is known
to play an important role in the response to cellular stress. HSP70
synthesis may increase in response to heat shock [51] and various
stressors, including hyperosmolarity [52], ischemia [53], and hyp-
oxia [54]. A high expression of HSP70 has been widely used as a
biomarker for cellular stress in various species exposed to ambient
contamination or specific genotoxic agents [55—60]. In the present
study, after the fish were placed in good-quality water, HSP70
expression levels decreased, suggesting a reduction in cellular
stress during gill recovery.

In conclusion, gill tissues change under conditions of poor water
quality and can be used as a biomarker of nonpoint sources of
pollution, as we observed in H. francisci from the Itapecerica River.
Moreover, the results of the present study suggest that gill tissue
recovery is possible if the fishes are maintained in good-quality
water, indicating the importance of the conservation of aquatic
environments.
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Thermal stress induces heat shock protein 70 and apoptosis

during embryo development in a Neotropical freshwater
fish
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Abstract. Fish embryos are particularly vulnerable to temperature changes, with the effects varying with developmental
stage. The major aim of the present study was to analyse the relationship between apoptosis and heat shock protein (HSP)
70 during embryo development under thermal stress conditions. To this end, Prochilodus lineatus embryos at the
blastopore closure stage were subjected to one of three thermal treatments for 1 h (Group 1, 25°C (control); Group 2, 20°C;
Group 3, 30°C) and then examined at 0, 4 and 8 h posttreatment (h.p.t.). The viability of embryos was highest in Group 1
(81.33 £ 16.65%), followed by Group 3 and Group 2 (75.33 + 12.10% and 68.67 4 16.86% respectively), with significant
difference between Groups 1 and 2 (P < 0.05). At 0 h.p.t., embryos subjected to thermal stress (Group 3) had a significantly
higher number of terminal deoxyribonucleotidyl transferase-mediated dUTP—digoxigenin nick end-labelling (TUNEL)-
and caspase-3-labelled cells, and a lower number of HSP70-positive cells than those in the control group. At 4 h.p.t., there
was a decrease in the TUNEL reaction and an increase in HSP70 in embryos in Group 3. At 8 h.p.t., the size of Group 3
embryos was significantly smaller than that of Group 1 embryos. The results indicate a cytoprotective role for HSP70,
regulating caspase-3-mediated apoptosis during embryo development of P. lineatus; however, this mechanism is not
effective in controlling embryo viability and larval malformations.

Additional keywords: caspase-3, Prochilodus lineatus, terminal deoxyribonucleotidyl transferase-mediated dUTP—

digoxigenin nick end-labelling (TUNEL).
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Introduction

Freshwater ecosystems are susceptible to multiple stressors that
may change the physicochemical parameters of the water and
affect fish populations (Dudgeon et al. 2006). Water tempera-
ture can undergo circadian fluctuations ranging from 1°C to
more than 15°C due to natural causes, climatic changes or
human activity (Johnson 2004; Somero 2010). Freshwater fish
are particularly vulnerable to temperature fluctuations, which
reflect the geographical distribution of the population, com-
munity structure, life history and development (Jeppesen et al.
2010). Thermal pollution caused by anthropogenic thermal
inputs changes water temperatures and affects fish reproduction

“These authors contributed equally to this work.

Journal compilation © CSIRO 2018

(Firkus et al. 2018). In fish farming, water temperature is a
critical factor because it directly affects the metabolism, oxygen
consumption, growth and survival of organisms (Jian et al.
2003). Although tolerance to temperature fluctuations is vari-
able among fish species, embryos and larvae are more sensitive
relative to adults (Brett 1971). In addition, the effects may be
increased depending on the development stage when these
organisms are exposed to the thermal stress (Wiegand et al.
1989; Ornsrud et al. 2004a, 2004b). In the wolffish Anarhichas
minor, water temperature affects the speed of yolk mobilisation
and changes egg development rates, in addition to affecting the
size and survival of larvae (Hansen and Falk-Petersen 2001).

www.publish.csiro.au/journals/rfd
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The stress caused by temperature fluctuations can stimulate
the expression of heat shock proteins (HSPs), which play a
fundamental role in the regulation of protein synthesis by acting
in the folding and assembly of polypeptide chains (Carpenter and
Hofmann 2000; Stefanovic et al. 2016; Politis et al. 2017). The
degree of thermal tolerance is related to the expression of HSPs
and, when activated, this mechanism prevents cell damage
(Whitehouse et al. 2017). Among the HSPs, HSP70 is constitu-
tively expressed during embryonic development, especially dur-
ing somitogenesis and neurogenesis, but its expression increases
under conditions of thermal stress (Santacruz et al. 1997).

In addition to HSPs, programmed cell death or apoptosis is
also an essential physiological process during embryonic devel-
opment in vertebrates (Evans et al. 2005; Agnello ef al. 2015)
that requires a specialised set of proteins for its activation,
including a family of proteases called caspases (Krumschnabel
and Podrabsky 2009). Caspase-3 is the major effector protease
of apoptosis that activates endonucleases, which are responsible
for the breakdown of cytoplasmic structural proteins and DNA,
leading to the typical morphological changes of apoptosis (Kerr
et al. 1972). In teleosts, apoptosis is involved in the morphogen-
esis of the nervous system and sensory organs, as well as in
evolutionary processes such as loss of vision in cavefish and
gonadal differentiation (Candal e al. 2001; Cole and Ross 2001;
Uchida et al. 2002; Hooven et al. 2004). In general, thermal
stress can lead to an apoptotic response essential for organism
survival in varying environmental conditions (Li et al. 2015;
Kvitt et al. 2016).

The curimatd Prochilodus lineatus (Valenciennes, 1837)
(Characiformes, Prochilodontidae), previously known as Pro-
chilodus scrofa, is a rheophilic species of commercial impor-
tance native to the Parana—Paraguai and Paraiba do Sul River
basins in Brazil whose populations have been drastically
affected by pollution and river damming (Viveiros and Godinho
2009). P. lineatus exhibits high fecundity (up to 440 000 oocytes
per female in the Upper Parana River basin), provides viable
eggs under cultivation conditions and has a short embryonic
development time (18-22 h at 24-25°C) (Ninhaus-Silveira et al.
2006; Botta et al. 2010; Perini et al. 2013). Thus, it is an
excellent model for the study of development mechanisms under
natural and experimental conditions.

Considering that fish eggs and embryos are highly sensitive
to environmental stress and that improved management of
embryos is a critical step in a hatchery, the goal of the present
study was to investigate the effects of thermal stress on P.
lineatus embryos under culture conditions, with emphasis on the
relationship between HSP70 and apoptosis during a critical
period of embryo development.

Materials and methods

Experimental procedures

The experiment was performed at the Furnas Hydrobiology
and Hatchery Station (20°43'4”S, 46°18'39”W), Minas Gerais
state, south-eastern Brazil. P. lineatus breeders (five females
(48.86 £8.04 cm total length (TL) and bodyweight
1.67+0.43 kg) and five males (41.57+8.56 cm TL and
1.41£0.41 kg)) were induced using crude carp (Cyprinus
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carpo) pituitary extract. The carp pituitary homogenate (CPH)
was prepared by macerating dried pituitaries (Agrober) using a
0.9% saline solution as solvent. The females received two doses
of CPH injected into the coelomic cavity, with the first dose of
0.5 mgkg ! bodyweight followed 10 h later by a second dose of
5.0 mg kg~ (Ninhaus-Silveira e al. 2006). Males received a
single 1 dose of.0 mg kg~' CPH administered at the time the
second dose was given to the females. Stripping of gametes and
fertilisation were performed 6 h after the last dose. The fertilised
eggs were kept in funnel-type incubators with a capacity of 20 L
and under conditions of continuous water flow at 25°C. Embryo
development was monitored every hour until hatching. All
procedures followed the ethical principles established by the
Brazilian College of Animal Experimentation (COBEA), and
the study was approved by the Ethics Committee on Animal Use
(CEUA Protocol 92/2010) of the Federal University of Minas
Gerais.

To evaluate the effect of thermal stress on embryo develop-
ment, samples of embryos were collected and divided into three
groups (200-300 embryos per group) at the blastopore closure
stage, 9 h after fertilisation. In Group 1 (control), the embryos
were kept at 25°C, without thermal stress. In the treated groups,
the embryos were subjected to thermal stress for 1 h at either
20°C (Group 2) or 30°C (Group 3). During treatment, the
embryos were kept in 5-L beakers with aerators containing
water taken from the incubators of the hatchery, with tempera-
ture controlled by a thermostat. Embryos were examined every
10 min. After the 1-h temperature treatment, embryos were
transferred to experimental incubators (capacity 1.5 L) with
continuous water flow at 25°C and were evaluated at 0,4 and 8 h
posttreatment (h.p.t.). Fertilisation rate was determined after
blastopore closure (10 h after fertilisation) and embryo viability
was determined at 0, 4 and 8 h.p.t.

Morphology and viability of embryos

For analysis of external morphology and viability of embryos,
50 samples were fixed in neutral formalin and analysed under a
stereomicroscope. Embryos that were not viable were opaque
with degenerating material in the perivitelline space, whereas
viable embryos were intact and had a translucent perivitelline
space (Rizzo et al. 2003). The TL of embryos and larvae
was measured using a micrometer eyepiece coupled with the
stereomicroscope. Malformation analyses considered the mor-
phology of the body, tail and trunk.

For histological analysis, samples of 10 viable embryos at
each time after treatment (i.e. 0, 4 and 8 h.p.t.) were fixed in
Bouin’s fluid for 6 h at room temperature. Then, the chorion was
manually extracted under a stereomicroscope, samples were
embedded in paraffin, sectioned at 5 pm, stained with haema-
toxylin and eosin (HE) or Toluidine blue and examined under a
light microscope.

Apoptosis

Apoptosis was assessed by the terminal deoxyribonucleotidyl
transferase-mediated dUTP-digoxigenin nick end-labelling
(TUNEL) in situ assay and immunofluorescence for caspase-3.
To this end, samples of 10 embryos were fixed in 4%
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paraformaldehyde 0.1 M phosphate buffer, pH 7.3, for 24 h at
4°C, embedded in Paraplast (Merck) and sectioned at 5 um. The
TUNEL reaction was performed using the Merck Millipore
QIA33 DNA fragmentation detection kit following the manu-
facturer’s instructions. For permeabilisation and inactivation of
endogenous peroxidase, sections were treated with proteinase K
(10 pg mL~") and 3% hydrogen peroxide respectively. Then, the
sections were incubated with a mixture of terminal deox-
ynucleotide transferase (TdT) and biotin-conjugated deox-
ynucleotides in a humid chamber at 37°C for 1.5 h. Then,
peroxidase-conjugated streptavidin solution was applied to
sections in a humid chamber at room temperature for 45 min.
The peroxidase reaction was revealed with diaminobenzidine
(DAB) for 10 min at room temperature, and the sections were
counterstained with haematoxylin. As a negative control, one of
the slides did not receive the mixture containing TdT and
deoxynucleotides.

For detection of caspase-3 in apoptotic cells, sections were
washed with phosphate-buffered saline (PBS) and treated with
2% bovine serum albumin (BSA) to block non-specific reac-
tions. Then, sections were incubated with primary rabbit anti-
active caspase-3 polyclonal antibody (Sigma-Aldrich; 1:300
dilution) overnight at 4°C. After washing with PBS, the blocking
buffer was applied again and sections were incubated with the
secondary antibody (ALEXA Fluor 488 anti-rabbit IgG; Invi-
trogen; 1:200 dilution). Nuclei were counterstained with 4',6'-
diamidino-2-phenylindole (DAPI; Invitrogen; 1 : 500 dilution).
As a negative control, primary antibody treatment was omitted.

To assess TUNEL reaction and caspase-3 immunoreaction in
apoptotic cells, 25 digital images were chosen at random in the
cranial region of the embryo for each time point after treatment
and examined at a magnification of x1000 using Image Pro
Plus version 4.0 for Windows (MediaCybernetics). Results
are expressed as the number of labelled cells per 100 mm?
(Domingos et al. 2013).

Immunofluorescence for HSP70

As described above, histological sections were washed with
PBS, treated with 2% BSA to block non-specific reactions and
then incubated with primary mouse anti-HSP70 monoclonal
antibody (Clone BRM-22; Sigma—Aldrich; 1:300) overnight at
4°C. After washing with PBS, the blocking buffer was applied
again and then sections were incubated with a secondary anti-
body (ALEXA Fluor 568 anti-mouse; Invitrogen; 1:200 dilu-
tion) and counterstained with DAPI (1:500 dilution) to stain
nuclear DNA. As a negative control, primary antibody treatment
was omitted. To assess HSP70, 25 digital images were chosen at
random in the cranial region of the embryos for each time point
after treatment at a magnification of x400 using Image Pro Plus
Demo version 4.0 for Windows. Sections were examined under
a Carl Zeiss LSM-510 confocal microscope, and results are
expressed as the percentage of the marked area in relation to the
total area (Santos et al. 2008).

Statistical analysis

Statistical analyses were performed using GraphPad Instat
version 5.0 for Windows (GraphPad Software). To compare
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different treatments, data were subjected to a normality test,
followed by one-way analysis of variance (ANOVA) and
Tukey’s post test. Results are expressed as the mean + d.p. (TL,
BW, viability) and mean + s.e.m. (TUNEL, HSP70, caspase-3),
and two-tailed P < 0.05 was considered significant.

Results

The main stages of embryogenesis in P. lineatus and respective
developmental times are shown in Fig. 1.

Effects of thermal stress on embryo development

The mean viability of embryos after the blastopore closure stage
was higher in Group 1 (control; 81.33 + 16.65%), followed by
Group 3 (75.33 £ 12.10%) and Group 2 (68.67 & 16.86%), with
significant difference in embryo viability between Groups 1 and
2 (P <0.05). Larvae hatched at 18 h postfertilisation (h.p.f.) in
Group 1 (control), maintained at 25°C. In embryos subjected to
thermal stress, hatching occurred at 17 h.p.f. (Group 3) and 19 h.
p-f. (Group 2).

After thermal stress (0 h.p.t.), embryos showed no differ-
ences in external morphology relative to the control group
(Fig. 2a—c). At 4 h.p.t., embryos in Groups 2 and 3 exhibited
changes in body shape and development (Fig. 2d—f), whereas
at 8 h.p.t. the newly hatched larvae in Groups 2 and 3 had a
greater curvature of the trunk compared with control (Group 1;
Fig. 2g—i). The TL of embryos increased significantly at the
different sampling times (i.e. 0, 4 and 8 h.p.t.) within each
experimental group (P <0.001; Fig. 2j). There was no signifi-
cant difference in TL between treatment groups (P> 0.05),
except between Group 1 and 3 at 8 h.p.t. (P < 0.05; Fig. 2)).

TUNEL, caspase-3 and HSP70 assays

After treatment (0 h.p.t.), a TUNEL-positive reaction
was detected in deep cells (DC) and enveloped cells (EVCs;
Fig. 3a—c) At 4 and 8 h.p.t., the TUNEL-positive reaction was
predominant in apoptotic cells of the neural tube, notochord and
somites in all groups (Fig. 3d—i).

Immunofluorescence for caspase-3 was detected, primarily
in the yolk syncytial layer (YSL) and DC at 0 h.p.t. in all
experimental groups (Fig. 4a—c). At 4 h.p.t., caspase-3-positive
cells occurred in the somites, primitive gut and neural tube, as
well as close to the optic cup and in the caudal region of the
embryo in Groups 1, 2 and 3 (Fig. 4d—i). Immunostaining for
HSP70 was found in most cells of the embryo, primarily in the
YSL, EVCs, somites, gut, and neural tube in all groups (Fig. 4).
However, in Group 2 at 4 h.p.t., the neural tube cells showed
weak labelling for HSP70 compared with other regions of the
embryo (Fig. 4e). Colocalisation of caspase-3 and HSP70 was
eventually detected at 4 h.p.t. in all groups (Fig. 4/~).

Morphometric analysis revealed a significant increase
in apoptosis, as evidenced by the TUNEL reaction at 4 and
8 h.p.t. in relation to 0 h.p.t. in all three experimental groups
(P <0.05; Fig. 5a). Comparing the treatments, the TUNEL
reaction was significantly higher in Group 2 and 3 embryos at
0 h.p.t. than in Group 1 embryos, and in Group 1 embryos at 4 h.
p-t. than in Group 3 embryos (P < 0.05; Fig. 5a). There was no
significant difference in caspase-3 expression in Group 1
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Fig.1. (@) Time line after fertilisation and (b—m) histological sections of Prochilodus lineatus embryos
stained with Toluidine blue (b, ¢, g, i) and hematoxylin-eosin (d—, &, j—m). (a) Time (h) of the occurrence
of the main stages of embryogenesis, from fertilisation to larval hatching (18 h at 25°C), and hours
posttreatment (h.p.t.) after application of thermal stress to embryos. (b) Cleavage, embryo with two
blastomeres (b) and yolk (Y) concentrated in the vegetative pole. (¢) High blastula, with a dome of cells
originating from the cell division of the blastoderm on the yolk sac at 3 h postfertilisation (h.p.f.). (d)
Presence of yolk syncytial layer (YSL) near high the blastula at 3 h.p.f. (e) Enveloping cells (EVC) and
blastomeres (deep cells) in yolk (YY) incorporation activity at 3 h.p.f. (f) Presence of epiblast (Ep) and
hypoblast (Hp) layers at 7 h.p.f. (g) YSL completely involving the Y and anterior region of the embryo
(asterisk) at 9 h.p.f. (A, i) Presence of the notochord (No), somites (S) and neural tube development (Nk)
at9 and 10 h.p.f. (j, k) Somites (S) in the caudal portion of the embryo at 11 and 13 h.p.f. (/) Note Nk at
15 h.p.f. (m) Optical (Ca) and crystalline (Cr) cups. Scale bars =20 pm.
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Fig. 2. External morphology at different times (hours posttreatment (h.p.t.)) of Prochilodus lineatus embryos kept at 25°C
(a, d, g) or subjected to thermal stress for 1 h at either 20°C (b, e, i) or 30°C (c, f, i) at the blastopore closure stage. (e, f) Changes in
column curvature (asterisks). (%, i) Caudal degeneration (arrows). Scale bars =300 pm. (j) Total length of embryos at different
times after treatment. Data are the mean +s.e.m. Different letters above columns indicate significant differences between
sampling times within each experimental group.

(control) embryos at the different sampling times (0,4 and 8 h.p.t.), embryos, and lower in Group 2 compared with Group 1 and 3
but caspase-3 expression was significantly lower at 4 versus 0 h. embryos at 4 h.p.t. (P <0.05; Fig. 5b). Expression of HSP70 in
p-t. in Group 2 embryos, and at 8 versus 0 h.p.t. in Group 3 Groups 2 and 3 was significantly lower at 0 h.p.t., increased at
embryos (P < 0.05; Fig. 5b). Caspase-3 expression was signifi- 4 h.p.t. and then decreased significantly at 8 h.p.t. (P <0.05;
cantly higher at 0 h.p.t. in Group 2 and 3 versus Group 1 Fig. 5¢). No significant variation in HSP70 expression was
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Fig. 3. In situ Terminal deoxyribonucleotidyl transferase-mediated dUTP—digoxigenin nick end-labelling (TUNEL)
reaction at different times (hours posttreatment (h.p.t.)) in Prochilodus lineatus embryos kept at 25°C (a, d, g) or subjected to
thermal stress for 1 h at either 20°C (b, e, k) or 30°C (c, f, i) at the blastopore closure stage. Sections were counterstained with
haematoxylin. S, somites; YSL, yolk syncytial layer; DC, deep cells; EVC, enveloping cells; No, notochord; Nk, neural tube.
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Scale bars =20 pum.

found between sampling times in Group 1 (control, 25°C)
embryos. In groups 2 and 3, HSP70 expression was lower at
0 h.p.t. and higher at 4 h.p.t. compared with expression in Group
1 embryos, and lower at 8 h.p.t. in Group 3 versus Group 1
embryos (P < 0.05; Fig. 5¢).

Discussion

In the present study, we revealed that reduced fish embryo
viability and increased larval malformations under thermal
stress are probably related to modifications in the expression of
caspase-3 during early development, even with increases in
HSP70 levels. The thermal stress of 20°C and 30°C used in the
present study was below and above the average summer water
temperature respectively (i.e. 25°C, which was used as the
control), when P. lineatus spawn. Industrial thermal pollution
and climate change can increase the water temperature of lakes
and rivers up to 15°C (Langford 2001; Firkus ef al. 2018), and
these increased changes are a serious threat to freshwater bio-
diversity, particularly because they affect the early development
of aquatic organisms, as demonstrated in the present study.
Studies on thermal stress in fish embryos can establish critical
thermal limits during development, providing important

parameters for improving the quality of eggs, embryos and
larvae in fish farming.

The embryo development of P. lineatus follows the general
pattern described for other Neotropical fish species (Kimmel
et al. 1995; Gomes et al. 2007; de Amorim ef al. 2009). The
epiboly culminates with blastopore closure, a period in which
the embryos of the present study were subjected to thermal
stress. In P. lineatus, the development of the neural tube, optic
cup and vesicle occurred during late somitogenesis, as reported
previously (Ninhaus-Silveira et al. 2006), which corresponds to
the 4 h.p.t. time point in the present study. P. lineatus larvae
hatched around 18 h.p.f. at 25°C, when vigorous movements of
tail contraction culminated in the rupture of the chorion; this
period corresponds to 8 h.p.t. in the present study.

Temperature is one of the main environmental factors that
affects the duration of embryogenesis, hatching rate and the
survival of embryos and larvae (Das et al. 2006). In the present
study, the duration of P. lineatus embryogenesis was 18 h at
25°C (from fertilisation until hatching of larvae); this is similar
to the data reported by Botta et al. (2010), whereas another
study reported a duration of 22 h at 24°C (Ninhaus-Silveira et al.
2006). For embryos subjected to thermal stress of 30°C
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Fig. 4. Immunofluorescence for caspase-3 (green) and HSP-70 (red) at different times (hours posttreatment
(h.p.t.) in embryos of Prochilodus lineatus kept at 25°C (a, d, g, j, m) or subjected to thermal stress for 1 h at
either 20°C (b, e, h, k, n) or 30°C (c, f, i, [, 0) at the blastopore closure stage. Nuclei were stained with 4',6'-
diamidino-2-phenylindole (blue). S, somites; YSL, yolk syncytial layer; DC, deep cells; EVC, enveloping cells;
No, notochord; Nk, neural tube. Scale bars =20 pm.
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(Group 3), the water temperature accelerated embryonic devel-
opment and larvae hatched within 17 h.p.t. In fact, poikilother-
mic animals show accelerated development at higher
temperatures due to changes in enzyme activities (Ojanguren
and Brana 2003; Politis et al. 2017).

Malformations in embryos and larvae are recurrent problems
in fish farming. In general, low abnormality rates are required
during larval development, but may increase as a result of
different types of stress, such as sudden temperature variations
(Hansen and Falk-Petersen 2001; Ornsrud et al. 2004b;
Boglione et al. 2013). In P. lineatus, embryos subjected to
thermal stress exhibited skeletal anomalies, spinal curvature and
reduced size at 8 h.p.t.; these results are similar to those obtained
for Atlantic salmon (Salmo salar) embryos (Wargelius et al.
2005). In addition, the results of the present study showed that
the viability of embryos subjected to thermal stress of 20°C or
30°C was significantly reduced after the blastopore closure
stage, when unfertilised eggs had degenerated. Similar results
have been reported in zebrafish embryos following the induction
of stress by increasing temperature (Krone et al. 1997; Yabu
et al. 2001). Together, the results indicate that abrupt tempera-
ture variations during the egg incubation period may accelerate
or reduce embryo development, decrease egg viability, increase
malformations and reduce growth rates of embryos and larvae.

Unlike mammals, in which apoptosis occurs in the blastocyst
stage due to early activation of genes in the zygote, apoptosis in
fish is induced only at gastrulation (Agnello e al. 2015). Indeed,
TUNEL and immunohistochemical reactions for caspase-3 in
apoptotic cells were detected in the somites, notochord, devel-
oping neural tube, primitive gut and close to the optic cup of
P. lineatus. Effector caspases (3, 6 and 7) are widely expressed
during embryogenesis in vertebrates, including fish, primarily in
somitogenesis and during development of the nervous system
(Yabu et al. 2001; Evans et al. 2005; Gashegu et al. 2006; Takle
et al. 2006).

In general, apoptosis gradually increases during develop-
ment due to organogenesis (Gashegu et al. 2006), as found in the
present study using the TUNEL assay in P. lineatus embryos at
different times (0, 4 and 8 h.p.t.). Furthermore, the number of
TUNEL- and caspase-3-positive cells was significantly higher
soon after thermal stress in relation to the control group,
indicating that thermal stress induced caspase-3-mediated apo-
ptosis. This increase in apoptosis indicates an adaptive cell
response and a potential beneficial role of apoptosis under
adverse developmental conditions (Hashimoto ez al. 1998; Yabu
et al. 2001). In addition to apoptosis, HSP70 is induced in
response to different types of stress and can directly interact with
a variety of cellular proteins. These interactions act as regulatory
points of apoptosis by inhibiting both intrinsic and extrinsic
pathways (Chatterjee and Burns 2017).

In fish, the onset of embryo genome activation occurs at mid-
blastula transition, just before gastrulation, resulting in cell
motility and zygotic gene expression (Kane and Kimmel
1993; Pelegri 2003), including proteins related to the cell
signalling pathways, such as apoptosis and HSP. In the present
study, the lower expression of HSP70 at 0 h.p.t. in groups
subjected to thermal stress (Groups 2 and 3) could be related
to the increased apoptosis. Under stress conditions, many
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proteins undergo unfolding, exposing hydrophobic domains,
increasing the likelihood of protein aggregation with loss
of cellular functions and finally culminating in cell death
(Meimaridou et al. 2009). To avoid such effects, HSP70
expression is induced and HSP70 accumulates in the cytoplasm
from 2 h after the rise in temperature (Lindquist and Craig 1988;
Creagh et al. 2000), thus supporting the increase in HSP70 seen
at 4 h.p.t. found in the present study. In the group treated
with thermal stress at 30°C (Group 3), the increase in HSP70
at 4 h.p.t., the associated subsequent decrease in caspase-3 at
8 h.p.t. may be a consequence of inhibition of apoptotic protease
activating factor-1 (Apaf-1) oligomerisation due to its binding to
HSP70, preventing subsequent activation of caspase-9 and
caspase-3, and thus blocking caspase-3-mediated apoptosis
(Parcellier et al. 2003). Indeed, HSP70 can inhibit key effectors
of apoptosis through its direct association with caspase recruit-
ment domain (CARD) from Apaf-1, with this interaction leading
to inhibition of apoptosome formation (Saleh er al. 2000;
Chatterjee and Burns 2017).

In summary, the findings of the present study indicate that
thermal stress at the blastopore closure stage increases caspase-
3-mediated apoptosis in P. lineatus embryos. These embryos
respond to the thermal stress with induction of HSP70 expres-
sion as a strategy for cell survival by controlling apoptosis
during development. However, this cell stress response is not
sufficient to maintain embryo viability and prevent malforma-
tions in newly hatched larvae. Thus, the results of this study
indicate that P. lineatus embryos are highly sensitive to thermal
stress during the blastopore closure stage.
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ABSTRACT

Environmental disasters such as the rupturing of mine tailings dams are a major concern worldwide. In the
present study, we assess the effects of the release of mine waste due to the rupture of the Fundao dam on two
native fish species (Hoplias intermedius and Hypostomus affinis) from the Doce River basin. Two sampling sites
were chosen: S1, a reference site, and S2, contaminated by mining waste. Water and sediment were collected to
evaluate metals concentration. Adult fish were caught to analyse biological parameters, hepatic histopathology,
and biomarkers of metal contamination. Compared to site S1, the concentration of manganese was statistically
higher in water while lead, nickel, and arsenic were statistically higher in the sediment from site S2, and iron had
no significant difference between sites. At site S1, fish of both species presented hepatic tissue with normal
architecture. At site S2, hepatic alterations, such as cytoplasmic vacuolization and necrosis were frequently
found in both species. Regarding the histopathological index, higher values were found in both species from site
S2. The positive antibody reactions for cytochrome P450 1A (CYP1A) and metallothionein (MT) were statisti-
cally greater in site S2 for both species. The oxidative stress biomarkers, superoxide dismutase (SOD) and cat-
alase (CAT) were statistically higher in H. intermedius from site S2, but only CAT was statistically greater in H.
affinis at site S2. These results demonstrate that the release of mineral residues from the rupture of the Samarco
mine dam is provoking hepatic damage in the fish from the Doce River besides inducing the expression of
proteins and enzymes related to metal contamination.

1. Introduction

biomarkers are frequently used including metallothionein (MT), cyto-
chrome P450 (CYP1A), superoxide dismutase (SOD), catalase (CAT),

The disaster of mine tailings that occurred in the Doce River basin in
November 2015, due to the rupture of the Funddo dam owned by
Samarco S.A., was one of the largest mining disasters in the world
(Cordeiro et al., 2019). It has been estimated that 43-60 million m® of
mining waste reached Doce River basin, contaminating more than
650 km of rivers until the Atlantic Ocean (Andrade et al., 2018; Segura
et al., 2016).

Wild fish are continually exposed to different types of contaminants,
so they are considered excellent models for assessing health status of
aquatic ecosystems (Dane and Sisman, 2015; Paschoalini et al., 2019).
Heavy metals may enter in the aquatic environment either naturally
(e.g. geological processes) or anthropogenic (e.g. mining). The release
of metals to aquatic environments by anthropogenic activities is much
higher than those observed by natural processes (AnvariFar et al.,
2018). To evaluate the effects of these metals on fish liver, several

* Corresponding author.
E-mail address: ictio@icb.ufmg.br (E. Rizzo).
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and reduced glutathione (GSH) (Hermenean et al., 2015; Linde-Arias
et al.,, 2008a, 2008b; Rajeshkumar et al., 2013; Rajeshkumar and Li,
2018).

The liver is the most important organ in drug metabolism and de-
toxification of different environmental contaminants (Bernet et al.,
1999). Heavy metals can alter lipid and carbohydrate metabolism by
binding or blocking nuclear receptors and can also activate cell death
mechanisms, like caspases or some kinases involved with necrosis in
liver (AnvariFar et al., 2018). Field studies demonstrate an association
between metals contamination with steatosis and necrosis in fish liver
(AnvariFar et al., 2018; Hermenean et al., 2015; Rajeshkumar et al.,
2013).

The exposure of fish to metals promotes the induction of hepatic
proteins, including metallothionein (MT) and cytochrome P450 1A
(CYP1A) (Almeida et al., 2014). Metallothioneins are small proteins
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involved in the binding and regulation of essential metals such as
copper and zinc, and in the detoxification of toxic metals such as ar-
senic (As) (Coyle et al., 2002). For this reason, MT expression is an
important biomarker to evaluate heavy metal exposure, both under
laboratory and field conditions (Bervoets et al., 2013). Further, CYP1A
is an enzyme that plays a role in the biotransformation of environ-
mental toxicants and carcinogens, including heavy metals and is widely
used in ecotoxicological field studies (Anjos et al., 2011; Lewis et al.,
2006; Tridico et al., 2010).

Exposure to metals promotes changes in enzyme levels involved
oxidative stress and antioxidant systems (Valavanidis et al., 2006). The
accumulation of heavy metals leads to formation of free radicals and
causing histological alterations on liver and other metabolic organs.
Biomarkers at different levels of biological organization (molecules to
populations) are important tools for assessing environmental pollution
(Bernet et al., 1999).

The trahira Hoplias intermedius and the armoured catfish Hypostomus
affinis are fish species widely distributed in the Doce River basin. These
species are considered ecologically resistant to environmental changes
because they are capable of living in highly impacted rivers (Vieira
et al., 2015). H. intermedius is a large-sized characiform fish from the
Erythrinidae family that has a piscivorous feeding habit (Oyakawa and
Mattox, 2009), while H. affinis is a medium-sized siluriform fish of the
Loricaridae family, which has a benthic habit and feeds on periphyton
(Duarte et al., 2012). Both species are sedentary and do not migrate and
have commercial importance for the riverine populations from the Doce
River basin (Vieira et al., 2015).

Since the accident involving the dam rupture of Samarco mine at
the end of 2015, no study has been carried out on fish contamination in
the Doce River. Thus, the present study aims to evaluate, through his-
tological, immunohistochemical, and enzymatic approaches, the impact
of mine tailings on the liver of two fish species from the Doce River
basin, south-eastern Brazil.

2. Material and methods
2.1. Sampling sites

Due to the high impact of the spill on the Doce River, fish popula-
tions in the impacted stretch are greatly reduced or absent. Initially a
site was also proposed at Carmo River, however after some samplings
no fish were caught due to the high level of contamination of this river.
After some sampling trials, a site was defined in the Doce River that
could capture species that were also found in the reference site, for
comparative purposes. Two sampling sites along the Doce River basin
were investigated (Fig. 1): (S1) situated on the Piranga River
(20°20'5.95""S; 42°53'55.14"W) was chosen as a reference site because it
was unaffected by the mine waste from the Fundao dam, and (S2) lo-
cated on the Doce River (20°15'20.20"S; 42°54'3.49"W) that directly
received the waste discharge from the Samarco dam by way of the
Carmo River. Two samplings were carried out, March (rainy season)
and June (dry season), 2018. For fish samplings, was used 80 m gillnets
(eight gillnets of 10 m each), with a 4-8 cm stretched mesh size, de-
ployed for about 12 h at each sampling site. Only alive fish were used in
the present study, and euthanasia procedures followed the ethical
principles established by the Brazilian College of Animal Experi-
mentation (COBEA), and the study was approved by the Ethics Com-
mittee on Animal Use (CEUA, protocol N°189, 2016) of the Federal
University of Minas Gerais, Brazil. A total of 12 H. intermedius (S1 - four
and S2 - eight) and 14 H. affinis (S1 — eight and S2 - six) were analysed
in the present study. Biometric data, total length (TL, 0.01 cm), body
weight (BW, 0.01 g), and liver weight (LW, 0.001 g) were measured to
calculate biological indices like, hepatosomatic index (HSI = 100 LW/
BW) and Fulton condition factor (K = 100 BW/TL®). All handling and
euthanasia steps followed the standards established by Brazilian Col-
lege of Animal Experimentation (COBEA), and Ethics Committee on
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Animal Use of the Federal University of Minas Gerais, Brazil approved
the conduct of the study (CEUA, protocol N°189, 2016).

2.2. Water and sediment samplings and metal analysis

The physico-chemical water parameters of the sampling sites were
obtained from Institute of Water Management from Minas Gerais
(IGAM, 2018), at same sampling sites that fish were collected.

Concentrations of iron (Fe), manganese (Mn), lead (Pb), nickel (Ni),
and arsenic (As) were determined in water and sediment. Five samples
of water and sediment were collected from each site. For water, 50 ml
of sample was digested in 5 ml of nitric acid (HNO3) in a microwave
oven at a temperature of 160 °C for 10 min, and after cooling heated for
a further 10 min. The preparation steps of the sediment samples fol-
lowed the protocol described by Paschoalini et al. (2019). After that,
samples and blank solutions were determined by an AA-680 Shimadzu
(Kyoto, Japan) flame atomic absorption spectrometer (FAAS) in an air-
acetylene flame, according to the user's manual, provided by the
manufacturer. The concentrations of metals in the water and sediment
were expressed in ug/L and 10 pg/g, respectively.

2.3. Histopathology and morphometry

Liver samples were fixed in Bouin's fluid for 24 h and then trans-
ferred to 70% ethanol. Then, the samples were submitted to routine
histological techniques, i.e. dehydration in ethanol, embedded in par-
affin, sectioned at 5 pm thickness, and stained with haematoxylin-eosin
(HE).

The histopathological alterations were evaluated in 10 random
fields per animal at 400 X magnification. To calculate the histopatho-
logical alteration index (HAI), the hepatic alterations were classified in
three progressive stages according the impairment of the organ func-
tions: I (low severity: hepatocytes showing cellular hypertrophy, per-
ipheral nucleus, cytoplasmic vacuolization and deformation of the
cellular contour), II (middle severity: hepatocyte with pyknotic nucleus,
presence of hyperemia and inflammatory infiltrate), and III (great se-
verity: presence of focal or total necrosis and fibrosis. For each animal,
an HAI value was calculated using the formula: HAI =
(1XSI) + 10XSII + 100X SIII, where I, IT and III correspond to the
number of alteration stages 1, 2 and 3 and S represents the sum of
alterations in each stage (Poleksic and Mitrovic-Tutundzic, 1994). The
mean HAI was classified as: normal tissue functioning (0-10), slight to
moderate tissue damage (11-20), moderate to severe modification of
tissue (21-100), and irreparable tissue damage (> 100) (Poleksic and
Mitrovic-Tutundzic, 1994).

2.4. Metallothionein and cytochrome P450 (CYP1A)

Liver samples (n = 4 fish per species/site) were submitted to im-
munoperoxidase, using the primary polyclonal antibody rabbit anti-fish
CYP1A (CP-226) and polyclonal rabbit anti-cod metallothionein (KH-1)
from Biosense Laboratories AS, Bergen, Norway. Paraffin-embedded
liver sections were submitted to xylene, ethanol and PBS washings. The
slides were submitted to antigen retrieval in microwave for 45 min and
incubate in 3% H,0, for 10 min to inactivate the endogenous perox-
idase. BSA 2% was used to block the unspecific staining. After that, the
primary antibodies were applied overnight 4 °C. The biotinylated sec-
ondary antibody (Dako EnVision ™ + Sistema Dual Link-HRP) was
applied for 30 min and then 3’3-diaminobenzidine (DAB) was utilized
for the immunohistochemistry reactions and the sections were coun-
terstained with haematoxylin. For each biomarker, 10 fields per slide
were randomly chosen at 100 X magnification, giving a total of 80
analysed fields (40 each site) per species. The results were expressed by
stained area (%).

The specificity of the antibodies was confirmed by western blotting
and in one slide primary antibody was omitted for negative control. All
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Fig. 1. Location of sampling sites, reference site (S1) at Piranga River and impacted site (S2) at Doce River after the confluence with Carmo River, Doce River basin,

southeastern Brazil.

the steps of immunohistochemistry protocol and quantification were
previously described by Paschoalini et al. (2019).

2.5. Oxidative stress biomarkers

Liver samples were immediately frozen in liquid nitrogen in field
and then transferred to —80 °C freezer. Samples (0.1 g tissue) were
homogenized with protease inhibitors cocktail, aprotinin and phe-
nylmethanesulfonyl fluoride (Sigma-Aldrich) following the protocol
described by Prado et al. (2014) at 1:2 ratio of tissue (m:v). After
centrifugation for 1 h at 15,000 g at 4 °C in an Eppendorf™ Centrifuge
5427 R, the supernatants were stored in aliquots at —80 °C until

analysis. The determination of superoxide dismutase (SOD), catalase
(CAT), and reduced glutathione (GSH) levels were performed on du-
plicate samples by using commercial ELISA kits following the manu-
facturer's instructions (Cayman Chemicals, Ann Arbor). The SOD and
CAT levels were expressed as U/ml and nmol/min/ml, respectively. For
glutathione assay, the homogenates were previously deproteinized
following manufacturer's protocol. The reduced glutathione (GSH)
concentration was obtained by subtracting the oxidized glutathione
(GSSG) level from the total glutathione. The GSH levels were calculated
and were expressed as pUM. The ELISA dilution curves for catalase
(y = 0.001x+0.0175, R?2 = 0.9954), superoxide dismutase
(y = 72669x + 1.1513, R? 0.9791), total glutathione
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(y = 0.0541x + 0.0156, R? = 0.9984) and oxidized glutathione
(y = 0.1082x + 0.0156, R2? = 0.9984) showed high correlation with
absorbance.

2.6. Statistical analysis

Prism Graph Pad 5.0 (Graph Pad software, San Diego, USA) was
used in the statistical analyses. To check data normality was used
Lillifors test. A non-paired T-student test was used to compare data
obtained between sampling sites. Data were expressed as means + SD.
P values < 0.05 were considered statistically significant, and statisti-
cally significant differences are indicated with *p < 0.05; **p < 0.01;
##4p < 0.001.

3. Results
3.1. Water quality parameters

The water temperature dissolved oxygen and pH varied from 18.4 to
26.7 °C, 6.7-8.4 mg/L and 6.0 to 7.7, respectively, with no significant
differences between sampling sites (p = 0.49,p = 0.18 and p = 0.93,
respectively). Conductivity (p = 0.001), total dissolved solids
(p = 0.04), and turbidity (p = 0.05) had statistically higher values at
site S2 (Table 1).

3.2. Metals concentrations in water and sediments

The metal loads of Fe, Pb, Ni, and As in the water showed no sta-
tistical differences between sites, (p > 0.05), but Mn was higher in S2
site (p = 0.001). Regarding sediment, Ni (p = 0.001), Pb (p = 0.001),
and As (p = 0.001) were statistically higher in S2, but Fe and Mn
showed no significant differences among sites (p > 0.05) (Table 2).

3.3. Liver histopathology

Both species had no significant differences in length, weight and
biological indices (p > 0.05) (Table 3). Both species collected at site S1
presented hepatic tissue with normal architecture, showing hepatocytes
with central nucleus forming cords around blood capillaries (Fig. 2A
and C). Hepatic damage was mild and infrequent in fish from S1. For
S2, fish from both species frequently presented cellular and tissue al-
terations, such as cytoplasmic vacuolization (Fig. 2E), disarrangement
of hepatic cords, and flat nucleus in cell periphery, as well as hyperemia
(Fig. 2G), inflammatory infiltrate (Fig. 2F), and tissue necrosis (Fig. 2D
and H). Regarding the histopathological index, higher values were
observed in fish captured at site S2 for H. affinis (p = 0.001) and H.
intermedius (p = 0.001). Fish caught at site S2 presented a mean HAI
greater than 100 for both species. However, fish caught at site S1 de-
monstrated an average HAI of 40 (Fig. 2).

Table 1
Water physico-chemical parameters in two sampling sites from the Doce River
basin, south-eastern Brazil: (S1) Piranga River and (S2) Doce River.

Parameters S1 S2
Temperature (°C) 222 + 2.8 232 + 2.3°
Dissolved oxygen (mg/L) 76 * 057 80 = 0.3°
pH 6.8 = 0.7° 6.8 = 0.5°
Conductivity (uS/cm at 25 °C) 446 + 6.8° 57.0 + 3.7°
Dissolved solids (mg/L) 4.4 + 512 52.3 + 7.4°
Turbidity (NTU) 154 + 19.0° 66.1 = 75.1°

Data represent a mean =+ standard deviation (SD) of samples per site. Different
letters in the same row indicate significant differences among sampling sites.

Ecotoxicology and Environmental Safety 190 (2020) 110165

Table 2

Concentrations of heavy metals in the water (ug/L) and sediment (10 pg/g)
from Piranga River (S1) and Doce River (S2), Doce River basin, south-eastern
Brazil.

Heavy metal Site Water (ug/L) Sediment (10 pg/g)
Ni S1 7.2 + 1.5% 7.94 + 1.11°
S2 82 + 2.8° 10.94 + 1.39°
Fe S1 458.2 = 72.97 847.8 = 55.87
S2 455.6 *+ 167.3% 775.9 *+ 102.7*
Mn S1 50 = 10.6% 154 + 4.1°
S2 132.8 + 14.9° 16.4 + 2.4°
Pb S1 50.4 = 18.7% 1.3 += 0.1°
S2 22.2 + 23.7° 1.8 = 0.1?
As S1 <1Q 0.04 = 0.02%
$2 <LQ 0.12 = 0.01%

Data represent mean * standard deviation (SD) of 5 samples per site. Different
letters between sites indicate significant differences. (Ni) nickel, (Fe) iron, (Mn)
manganese, (Pb) lead and (As) arsenic. < LQ, limit on quantification.

Table 3
Biological indices of Hoplias intermedius and Hypostomus affinis from the Piranga
River (S1) and Doce River (S2), Doce River basin, south-eastern Brazil.

Hoplias intermedius Hypostomus affinis

S1 S2 S1 S2
TL (cm) 345 = 6.3° 36.4 £ 2.2° 249 + 1.2° 278 * 21°
BW (kg) 057 = 0317 058 £ 0.12% 0.16 * 0.03* 0.17 + 0.04°
THS 1.36 + 0.6? 1.05 + 0.24% 0.2 + 0.02° 1.38 * 0.12%
K 1.1 * 0.01° 1.04 £ 0.04% 094 = 0.047 074 = 0.02°

Data represent mean + standard deviation of 4-11 measures. In each line,
different letters in the same row indicate significant differences between sites
(p < 0.05). (TL) total length, (BW) body weight, (HSI) hepatosomatic index
and (K) Fulton condition factor.

3.4. Cytochrome P450 1A (CYP1A) and metallothionein (MT)

The immunolabelling for CYP1A was cytoplasmic and spread
through the hepatic parenchyma (Fig. 3A, E, C and G). Positive reac-
tions for CYP1A were statistically higher for both species in site S2. For
H. intermedius, the mean labelled area (%) was 9.18 =+ 0.56 in fish
from S2, while it was 3.60 = 0.30 in fish from S1 (p = 0.001) (Fig. 3).
Regarding H. affinis, the mean marked area (%) was 7.67 = 0.43 for S2
and 1.99 = 0.17 for S1 (p = 0.001) (Fig. 3).

Similar to CYP1A, MT positive reactions were statistically higher in
fish from S2 for both species (Fig. 3B, F, D and H). For H. affinis, the
mean marked area (%) was 5.04 = 0.27 for S2 and 0.88 + 0.13 for S1
(p = 0.001) (Fig. 3). Regarding H. intermedius, the mean positive area
(%) for MT was 4.49 =+ 0.30 for S2 while it was 1.86 = 0.19 for S1
(p = 0.001) (Fig. 3).

3.5. Levels of oxidative stress biomarkers

The SOD activity in H. intermedius was statically higher in fish from
S2 (p = 0.04) but no statistical difference was observed in H. affinis
(p = 0.65). The CAT activity in H. intermedius and H. affinis from site S2
was statically higher (p = 0.001 and p = 0.04, respectively). Regarding
GSH, H. intermedius and H. affinis showed no statistical differences be-
tween sites S1 and S2 (p > 0.05) (Fig. 4).

4. Discussion

The Doce River is one of the most important Brazilian rivers for fish
biodiversity and urban water supply. It is located inside the Atlantic
Rainforest biome and has a high degree of fish species endemism
(Myers et al., 2000). The Samarco dam disaster drastically affected the
landscape and the aquatic environments such as Doce River and
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Atlantic Ocean (Cordeiro et al., 2019; do Carmo et al., 2017; Segura
et al., 2016). In the present study, it was shown for the first time the
effects of the release of mine tailings on liver histopathology and dif-
ferent biomarkers of metal contamination in two native fish species
from the Doce River basin.

The concentrations of As, Ni, and Pb in the sediment and higher
values of conductivity, total dissolved solids and turbity at site S2 (Doce
River) were statistically higher than site S1 (Piranga River), with these
differences possibly being related to the rupture of the Fundao dam that
has affected site S2 but not influenced site S1. The concentrations of Ni
and Pb at site S2 have similar concentrations when compared to highly
polluted rivers, such as the Ganges River in India, the Buriganga River
in Bangladesh, and the Tur River in Romania (Ahmad et al., 2010;
Hermenean et al., 2015; Singh et al., 2005). The iron (Fe) levels at both
sites were high because this region of the iron quadragle has high levels
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Fig. 2. Histological sections of hepatic tissue of H.
intermedius and H. affinis. (A and C) normal liver of
fish collected in S1, hepatocytes with the central
nucleus arranged in cords and located around blood
capillaries; (B) H. affinis necrotic hepatic tissue of
fish collected in S2 (E and H) Pathological processes
such as cytoplasmic vacuolization, cell contour de-
formation, inflammatory infiltrate, disruption of he-
patic cords and nucleus at the periphery of the cell
were found more frequently in fish collected at site
S2. (F) Inflammatory infiltrate; (G) Hyperemia with
enlarged blood vessels, (D and H) focal and multi-
focal necrosis were also observed in both species
collected in S2. He - normal hepatic tissue, Ne —
necrotic hepatic tissue and I - inflammatory in-
filtrate, Fi-fibrosis, V — vessel. Scale bars: 50 pum (A,
B, C, E, G and H) and 20 um (F and D). (Graph)
Histopathology index (HAI) of both species. The va-
lues were measured as means and standard deviation
(SD). (***) statistical difference (p = 0.001).

of iron in the soil (Vicq et al., 2015). Manganese, which is an essential
metal, was found in high concentrations in waters at Doce River. A
study with Oreochromis niloticus showed that fishes exposed to manga-
nese at high concentrations can promote DNA damage and activates
oxidative stress in the liver (Coppo et al., 2018). Metal studies after the
Fundao dam collapse were performed on sediments of the Doce River
estuary (Espirito Santo state, Brazil) seven days after the arrival of the
contamination plume and were found in large concentrations: Fe:
45,200 + 2850; Mn: 433.0 = 110.0; Ni: 24.7 =+ 10.4; Pb:
20.2 * 4.6 (ug/g) (Queiroz et al., 2018). The present study demon-
strated a lower concentration of Fe and Mn and higher Ni when com-
pared to the study carried out when the disaster occurred, probably
indicating a sedimentation of these metals over time.

Fish caught at site S2 presented greater hepatic histopathological
alteration indices, with a higher frequency of vacuolization and
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Fig. 3. (A-H) Immunoperoxidase reaction for cytochrome P450 (CYP1A) and metallothionein (MT) in the liver of H. intermedius and H. affinis from Piranga River (S1)
and Doce River (52), south-eastern Brazil. Black arrows = positive reactions. Scale bars: 40 pm. Quantification of reactions to (left graph) cytochrome P450 (CYP1A)
and (right graph) metallothionein (MT). The values were measured as means and standard deviation (SD). (***) statistical difference (p = 0.001).

hypertrophy of hepatocytes and areas of necrosis, than fish from site S1.
Studies have shown that exposure to metals affects the development of
these histopathology (Dane and Sisman, 2015; Wolf and Wheeler,
2018). The hypertrophy of hepatocytes can be associate with an in-
crease of metabolic activity and accumulation of lipid droplets in the
cytoplasm (Braunbeck et al., 1990). Studies with Oreochromis mossam-
bicus exposed to As (Ahmed et al., 2013), Hypophthalmichthys molitrix
exposed to Ni (Athikesavan et al., 2006), and Clarias gariepinus exposed
to Pb (Olojo et al., 2005). However in present study no lipid infiltration
was observed in liver sections. The oxidation of fatty acids is an im-
portant source of reactive oxygen species (ROS) (Mannaerts et al.,
2000). Some of the consequences of increased ROS include cell death

processes (necrosis/apoptosis), pro-inflammatory cytokines release and
lipid accumulation (Bergamini et al., 2005; Robertson et al., 2001). A
study using HepG2 and Allium cepa cells in contact with contaminated
water from the Doce River after the Samarco accident demonstrated
DNA damage and reduced mitotic index (Segura et al., 2016). In this
sense, necrosis and inflammatory infiltrate frequently found in fish
from site S2 may be related to the increase of oxidative stress in the
hepatocytes.

The liver is the most important organ for metal contamination
analysis in aquatic environments due to its high level of binding pro-
teins (e.g. metallothioneins) (Mariji¢ and Raspor, 2007). The expression
of hepatic metallothionein in H. affinis and H. intermedius at site S2 were
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Fig. 4. Box plots graphs indicating levels of oxidative stress biomarkers in the liver. Superoxide dismutase, catalase and glutathione reduced in H. intermedius (A, C
and E) and in H. affinis (B, D and F). Central bar indicates the median, the box represents the interquartile range and the whiskers are the minimum and maximum

values. Different letters indicate statistical differences among groups (p < 0.05).

3.8-fold and 2.5-fold higher, respectively, than the levels expressed in
the specimens from site S1, a reference site in this study. Studies with
As, Ni, and Pb, metals with higher concentrations in site S2 of the
present study, demonstrate a significant increase in the levels of hepatic
metallothionein (Campana et al., 2003; Ptashynski et al., 2001; Roy and
Bhattacharya, 2006). Fe and Mg, which exhibited similar concentra-
tions between sites, do not appear to induce the expression of me-
tallothionein (Sevcikova et al., 2011). The high levels of hepatic me-
tallothionein in the two species of the present study may be related to
the action of several metals acting together, as observed in some rivers
polluted by metals (Linde-Arias et al., 2008b, 2008a; Paschoalini et al.,
2019).

Some metals promote the activation of nuclear receptors in hepa-
tocytes, such as the aryl hydrocarbon receptor (AhR) triggering the
expression of CYP1A (Schlenk et al., 2008). Most studies with CYP1A
report the activation of this enzyme only through contamination by
organic pollutants, such polycyclic aromatic hydrocarbons (PAHs).
However, this monooxygenase can be induced by several metals such as
zinc (Zn), lead (Pb), and cadmium (Cd) (Faverney et al., 2000; Huang
et al., 2014).

Antioxidant enzymes are important in decreasing oxidative stress
induced by environmental contaminants (Saglam et al., 2014). Some
metals like Pb may increase the production of superoxide radicals. The
role of SOD is to eliminate free radicals by converting them to hydrogen
peroxide (Ni et al.,, 2004). In the present study, only H. intermedius
presented a significant increase in SOD. On the other hand, catalase is
the enzyme responsible for neutralizing hydrogen peroxide formed by
SOD. This enzyme was observed at high levels in the two species ana-
lysed at impacted site S2. Reduced glutathione (GSH) reacts with var-
ious environmental contaminants as well as metals (Bussolaro et al.,
2010; Hermenean et al., 2015; Rajeshkumar and Li, 2018). However,
the GSH levels did not change between sites for both species. Some
authors suggest that the liver of herbivorous bottom fish such as H.
commersoni, possess an antioxidant defence mechanism that is more
efficient than piscivorous fish like H. malabaricus, since the antioxidant
enzymes were less altered in H. commersoni exposed to DDT and me-
thylmercury (Bussolaro et al., 2010). In this sense, our data indicate
that H. intermedius, a piscivorous species, has a greater oxidative stress
response than H. affinis, and it is therefore a more appropriate species
for studies of aquatic contamination.
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5. Conclusion

In summary, this study demonstrated for the first time the effects of
the release of mine waste on two fish species from the Doce River. The
results demonstrate that the two species analysed presented great da-
mage to the liver and the induction of proteins and enzymes associated
with metal contamination at impacted site. The two species of the
present study were chosen because of their ability to inhabit highly
altered environments (Parente et al., 2009; Vicari et al., 2018). Thus,
species more sensitive to environmental modifications may not resist
this highly contaminated aquatic environment. In the reference site (S1)
were also captured other fish species, i.e. two characiforms (Astyanax
bimaculatus and Oligosarcus argenteus), one perciform (Geophagus bra-
siliensis) and two siluriforms (Hypostomus auroguttatus and Rhamdia
quelen). However, the site impacted by the spill was captured only H.
intermedius and H. affinis. This reinforces the plasticity of the two spe-
cies utilized in this study to inhabit places with a high degree of con-
tamination. The biomarkers used in this study were efficient in the
detection of metals contamination in the Doce River, and their use is
recommended in environmental monitoring programs. In addition, this
study points out the need to carry out restoration and decontamination
programs for the Doce River.
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