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Resumo

Embora a criopreservagdo do sémen equino possibilite a preservagdo e o transporte do
material genético, o processo de congelamento provoca danos aos espermatozoides. O plasma
seminal (PS) possui em sua composicao vesiculas extracelulares (EVs), particulas carreadoras de
moléculas, que atuam como mediadores da comunicacdo intercelular. O objetivo deste estudo foi
melhorar a qualidade do sémen criopreservado equino com a adi¢do de EVs do PS heterélogo de
um garanhao com motilidade progressiva alta. As EVs foram isoladas do PS e preservadas em dois
diferentes veiculos Dulbecco’s Phosphate-Buffered Saline (D-PBS) e BotuCrio® diluidor de
congelamento de sémen equino. Para testar o efeito das EVs sobre a qualidade espermatica do sémen
de seis garanhoes, este foi congelado (100 x 10°¢ espermatozoides/ml) com diluidor de congelamento
de sémen equino BotuCrio® e suplementado com 400 e 800 x 10%/ml de EVs. Foram realizados sete
tratamentos: 1) Controle, 2) D-PBS sem EVs, 3) D-PBS + 400 x 10%ml EVs, 4) D-PBS + 800 x
10¢ml EVs, 5) BotuCrio® sem EVs, 6) BotuCrio® + 400 x 10%/ml EVs, ¢ 7) BotuCrio® + 800 X
10%ml EVs. As amostras de sémen foram descongeladas e analisadas quanto aos parametros de
motilidade e cinematica com o sistema de andlise espermatica computadorizado, morfologia com
microscopia de contraste de fase, funcionalidade de membrana plasmaética com o teste hiposmotico
(HOST), integridade de membrana plasmatica, taxa de reag@o acrossomica e potencial de membrana
mitocondrial espermaticos com citometria de fluxo. Os dados foram analisados com analise de
variancia (ANOVA) e testes de pressupostos (Shapiro-Wilk para normalidade e Bartlett para
homocedasticidade). As médias foram comparadas utilizando o teste de Tukey. Nos casos em que
os pressupostos ndo foram atendidos, aplicou-se o teste de Skillings-Mack, seguido pelo teste de
Durbin para comparagao entre os grupos. A probabilidade de P<0,05 foi considerada significativa.
No presente trabalho foi observado que a adicdo de PBS sem as EVs resultou em uma redugdo
significativa do parametro de cinematica frequéncia do batimento cruzado de cabeca (BCF) (8,7 +
0,3 Hz) quando comparado ao controle (9,5 + 0,5 Hz). As outras variaveis de motilidade e
cinematica espermatica e os outros parametros avaliados nao foram afetados pelos tratamentos. Em
conclusdo, as concentragdes testadas de EVs derivadas do plasma seminal ndo influenciaram a
qualidade do sémen equino ap6s o descongelamento.

Palavras chave: epididimossomos; reproducdo; criopreservagdo; espermatozoide; garanhao;
congelamento



Abstract

Although equine semen cryopreservation enables the preservation and transport of genetic
material, the freezing process causes damage to spermatozoa. Seminal plasma (SP) contains
extracellular vesicles (EVs) in its composition, which are particles that carry molecules and act as
mediators of intercellular communication. The objective of this study was to improve the quality of
cryopreserved equine semen by adding heterologous SP-derived EVs from a stallion with high
progressive motility. EVs were isolated from SP and preserved in two different vehicles: Dulbecco’s
Phosphate-Buffered Saline (D-PBS) and BotuCrio®, an equine semen freezing extender. To test the
effect of EVs on sperm quality from six stallions, semen was cryopreserved (100 x 10® spermatozoa/mL)
using the BotuCrio® extender and supplemented with 400 and 800 x 10® EVs/mL. Seven treatments
were performed: 1) Control, 2) D-PBS without EVs, 3) D-PBS + 400 x 10° EVs/mL, 4) D-PBS + 800 x
10° EVs/mL, 5) BotuCrio® without EVs, 6) BotuCrio® + 400 x 10° EVs/mL, and 7) BotuCrio® + 800
x 10¢ EVs/mL. Semen samples were thawed and analyzed for motility and kinematic parameters using
a computer-assisted sperm analysis (CASA) system; morphology by phase-contrast microscopy; plasma
membrane functionality using the hypoosmotic swelling test (HOST); plasma membrane integrity,
acrosome reaction rate, and mitochondrial membrane potential by flow cytometry. Data were analyzed
using analysis of variance (ANOVA) and assumption tests (Shapiro—Wilk for normality and Bartlett’s
test for homoscedasticity). Means were compared using Tukey’s test. When assumptions were not met,
the Skillings—Mack test was applied, followed by Durbin’s test for group comparisons. A probability of
P < 0.05 was considered statistically significant. In the present study, the addition of PBS without EVs
resulted in a significant reduction in the kinematic parameter beat cross frequency (BCF) (8.7 + 0.3 Hz)
compared with the control (9.5 + 0.5 Hz). Other sperm motility and kinematic variables, as well as the
remaining evaluated parameters, were not affected by the treatments. In conclusion, the tested
concentrations of SP-derived EVs did not influence post-thaw sperm quality in equine sperm.

Keywords: epididymosomes; reproduction; cryopreservation; spermatozoa; stallion; freezing
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CAPITULO 1

1. INTRODUCAO

A equinocultura representa um setor em constante crescimento no Brasil e no exterior, com
grande relevancia econdmica e social. Segmentos como o esporte e o turismo rural tém se beneficiado
diretamente desse crescimento, impulsionando a valoriza¢do do cavalo como instrumento de trabalho,
lazer e investimento (Lima et al., 2012). A crescente demanda por animais de alto desempenho estimulou
o desenvolvimento de biotecnologias reprodutivas, como o resfriamento e a criopreservacao do sémen,
visando otimizar o aproveitamento do potencial genético e reprodutivo dos garanhdes (Brandao, 2008;
Hezavehei et al., 2018).

Entretanto, a espécie equina apresenta indices de fertilidade inferiores em comparagdo com
outras espécies domésticas, atribuidos, em parte, a auséncia de selecdo genética voltada para pardmetros
reprodutivos (Merkt, 1986; Ginther et al., 1992). A criopreservagdo do sémen oferece diversas
vantagens, como o prolongamento da vida til dos espermatozoides, maior facilidade do manejo
reprodutivo, a preservacdo do material genético fora da estacdo de monta e a superacdo de barreiras
geograficas (Barreto et al., 2008). No entanto, os processos de congelamento e descongelamento
provocam danos espermaticos, resultando em redugéo da qualidade, motilidade e capacidade fecundante
dos espermatozoides (Alvarez e Storey, 1989; Bell et al., 1993).

Diante desse cenario, estratégias como a adi¢do de antioxidantes e moléculas bioativas
promotoras da motilidade aos diluentes de sémen tém sido estudadas como alternativas para melhorar a
qualidade espermatica pos-descongelamento (Martins et al., 2018; Alves et al., 2020; Lagares et al.,
2020; Lagares et al., 2022).

As vesiculas extracelulares (EVs) sdo particulas envoltas por uma bicamada lipidica, liberadas
por diversas células do organismo vivo (Lotvall et al., 2014) e carregam uma variedade de moléculas,
como proteinas, carboidratos, lipideos, enzimas e miRNAs (Keerthikumar et al., 2016). Nos machos, as
EVs sdo produzidas pelas células da prostata, vesiculas seminais e epididimo (Rocca et al., 2022), e
estdo presentes no plasma seminal ap6s a ejaculagdo (Barranco et al., 2021).

As aplicagdes das EVs na reproducio animal t€ém se expandido, destacando-se na modulacdo
do desenvolvimento embrionario bovino e na regulacdo da maturagdo de gametas (Da Silveira et al.,
2017; Da Silveira et al., 2018; Andrade et al., 2019; Avila et al., 2019). As EVs estdo envolvidas em
processos essenciais da fisiologia espermatica, como a capacitagdo, a reagdo acrossomica e a interagao
entre espermatozoides e oocitos (Leahy et al., 2020).

Embora tenham sido reportados resultados positivos da adicdo das EVs ao diluidor de
congelamento de sémen de touro (Lange-Consiglio et al., 2022; Kowalczyk and Kordan, 2024), homem
(Mahdavinezhas et al., 2022), lobos vermelhos e guepardos (Ferraz et al., 2020), ainda ndo foi citada
sua adi¢dao no congelamento de s€émen equino. Portanto, a utilizacdo das EVs pode ser uma alternativa
para a melhorar a qualidade seminal do s€émen equino criopreservado.

2. REVISAO DE LITERATURA
2.1 Espermatozoide

O espermatozoide € uma célula altamente especializada e diferenciada, cujo objetivo ¢ alcangar
0 odcito e realizar a fertilizagao (Florman e Fissore, 2015). Ele ¢ composto por duas partes morfologicas
¢ funcionalmente distintas: cabeca e cauda (Meyers, 2009; Amann ¢ Pickett, 1987). A cabeca do
espermatozoide contém o nucleo, que abriga a cromatina em sua forma condensada. Na regido apical,
encontra-se o acrossoma, que contém enzimas hidroliticas responsaveis pela lise da zona pelicida (ZP)
do oocito durante o processo de fecundagdo (Chlopik e Wysokinska, 2020). Conectando a cabeca ao
flagelo esta o pescoco, ou colo (Avidor-Reiss, 2018). A cauda, ou flagelo, ¢ composta por trés partes:
peca intermediaria, peca principal e peca terminal. A peca intermediaria é caracterizada pela presenga
de um grande nimero de mitocondrias dispostas em formato helicoidal, envolvendo o axonema ¢ as
fibras externas densas. Sua principal fungdo ¢ produzir a energia necessaria para a motilidade
espermatica (Toshimori e Eddy, 2015; Auger, 2018; Gerton e Vadnais, 2018).
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Em mamiferos, o axonema consiste em um par central de microtubulos circundado por nove

pares periféricos (Chlopik e Wysokinska, 2020). O par de microtubulos centrais conecta-se por

pequenas pontes compostas por duas proteinas principais, a dineina e a tubulina (Warner, 1976, Alberts

et al., 2004). Quando o ATP produzido pelas mitocondrias ¢ degradado pelas ATPases presentes na

dineina, ocorre a conversdo da energia quimica em energia cinética. Esse processo se da através do

deslocamento dos microtiibulos adjacentes uns sobre os outros, resultando na flexdo do axonema, o que
da inicio ao movimento flagelar (Mortimer, 1997).
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Figura 1. Esquema da morfologia espermatica. Fonte: Araujo et al., 2017

Os espermatozoides possuem cinco diferentes membranas, membrana plasmatica (MP),
acrossdmica externa e interna, nuclear ¢ a membrana mitocondrial, cada uma com fun¢des essenciais
para sua sobrevivéncia e capacidade de fertilizagdo. Nas células espermaticas a MP segue o modelo
estrutural de bicamada fosfolipidica associada a proteinas, como colesterol e glicoproteinas (Chlopik e
Wysokinska, 2020, Fig. 2). A MP envolve todo o espermatozoide (Amann e Graham, 1992; Andrade et
al, 2011), e no equino sua composicdo ¢ de aproximadamente 57% de fosfolipidios, 37% de colesterol
e 6% de glicolipidios (Gadella et al., 2001).

Grupo de carboidrato da
glicoproteina

Superficie extracelular
da membrana

Proteinas _ .mmm | .
integrais ) (
(

Proteinas periféricas

Moléculas de colesterol Superficie intracelular
entre os lipideos da membrana

Figura 2. Estrutura da membrana plasmatica. Fonte: Adaptada de Carlson, 2019.

Para a fertilizacgdo ocorrem modificagdes estruturais na MP espermatica desde a
espermatogénese até a ligagdo do espermatozoide-odcito (Cunha, 2002). A fluidez da membrana
depende de alguns fatores, como temperatura, concentracdo de colesterol, o grau de saturagao lipidica e
proporcao entre colesterol e fosfolipidios (Andrade et al, 2010). Os acidos graxos saturados garantem
maior rigidez, enquanto que os insaturados conferem maior fluidez a membrana (Andrade et al, 2010).

No espermatozoide equino a propor¢ao entre colesterol e fosfolipidios é de 0,36, um valor médio
em comparacdo a outras espécies (0,45 bovino, 0,99 humano ¢ 0,26 suino) (Amann e Graham, 1992;
Parks e Graham, 1992). A maior concentrac¢do de colesterol estabiliza a MP tornando-a menos fluida e
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flexivel, e com isso mais resistente as mudangas de temperatura. Por possuir pouco colesterol na sua
MP, o espermatozoide equino é mais sensivel ao choque térmico durante resfriamento ou congelamento
(Amann e Picket, 1987).

As membranas acrossdmicas interna e externa, nuclear e mitocondriais sdo mais suscetiveis aos
danos causados pela redugdo brusca de temperatura (Amann e Graham, 2011). Quando submetidas ao
resfriamento sofrem mudanca irreversivel, acarretando em perda de motilidade espermatica, aumento
na permeabilidade, redugdo do metabolismo celular e perda de componentes celulares (Graham, 1996).
Durante as fases de resfriamento e descongelamento ocorrem os principais danos sofridos pela célula
no processo de criopreservacdo. Por isso, € necessaria uma taxa de resfriamento e aquecimento
adequadas, bem como adigd@o de diluentes para prevenir injurias 8 membrana devido ao choque térmico
(Amann e Pickett, 1987).

2.2 Plasma seminal

O plasma seminal (PS) ¢ um fluido heterogéneo formado pela mistura de secre¢des do testiculo,
epididimo e glandulas anexas (Lavon e Boursnell, 1975; Varner et al., 1987). Além de envolver os
espermatozoides no s€men, ele desempenha um papel importante para a sobrevida e transporte dessas
células pelos o6rgdos genitais masculinos e femininos (Mann e Lutwak-Mann, 1981).

O PS constitui a maior parte do volume total do ejaculado, enquanto os componentes celulares,
como espermatozoides, células redondas e vesiculas extracelulares (EVs), representam apenas cerca de
1% na espécie equina (KARESKOSKI e KATILA, 2008). Além de compostos celulares, também estao
presentes no PS eletrolitos, proteinas, hormonios esteroides, agticares e enzimas (Clément, 2018). Todos
0s componentes possuem uma grande importancia para a funcionalidade do espermatozoide, seja para
modular a geracao de energia, a interagdo com o trato reprodutivo feminino ou a motilidade. Porém, a
grande maioria das fungdes relacionadas com a fertilidade se atribuem a grande quantidade de proteinas
desse fluido (humano 25-55 g/L; galo 7.5-9.0 g/L; suino 30-60 g/L) (Rodriguez-Martinez et al., 2021).

As proteinas atuam como um tampao para manter o pH e osmolaridade adequados, além de
fornecer fontes de energia para os espermatozoides, em condigdes aerdbicas e anaerdbicas. Elas também
influenciam a maturag@o espermatica, estabilizacdo da MP, capacitacdo dos espermatozoides e interagdo
com as secregdes da tuba uterina (Topfer-Petersen et al., 1998).

O PS também contém antioxidantes importantes para a criopreservagdo dos espermatozoides,
como ascorbato, urato, glutationa, a-tocoferol, e enzimas como catalases, superoxido dismutase e
glutationa redutase (Hofner et al, 2020).

No entanto, o PS ¢ removido em procedimentos como no congelamento de s€émen e na
fertilizagdo in vitro (FIV) e, por possuir proteinas que induzem a capacitacdo espermatica. Existem
controvérsias quanto aos efeitos positivos e negativos do PS sobre fungdo espermatica durante a
criopreservagao de sémen dependendo da espécie (Alvarenga et al., 2017). Essas variacdes de respostas
podem ser explicadas pelas diferentes composicdes de proteinas do PS entre as espécies (Maxwell et al.,
1999; Leahy et al., 2010).

Estudos destacaram o efeito deletério do PS no resfriamento e congelamento do s€émen equino
(Alvarenga et al., 2017; Alghamdi et al., 2019). A motilidade espermatica total apresenta-se mais alta
quando o sémen ¢ criopreservado com baixas taxas de PS (aproximadamente 5%), comparado a altas
taxas (10% - 30%) (Alvarenga et al., 2017; Alghamdi et al., 2019). No entanto, Brinsko et al. (2000)
sugerem que a presen¢a de pequena porcentagem de PS € necessaria para o armazenamento do s€émen e
a fertilidade, devido ao seu papel antioxidante. A incuba¢do do espermatozoide equino pos-
descongelamento com PS foi capaz de diminuir a fosforilagdo da tirosina, indicativo de capacitagdo
espermatica (Andrade et al., 2008). Além disso, estudos recentes evidenciam que a influéncia do PS
sobre o espermatozoide, seja ela benéfica ou ndo, depende da composicdo desse meio, e por
consequéncia, do individuo (Menezes et al., 2020; Pedrosa et al., 2021; Torres et al., 2022).

2.3 Criopreservacao de s€émen

A criopreservagdo de sémen € uma biotecnologia que permite ndo so a criagdo de bancos de
material com alto valor genético, como a sua preservagao por longos periodos (Lebedeva et al., 2015),
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permitindo o uso de outras biotecnologias (Gibb e Aitken, 2016), o transporte por longas distancias e
menor transmissao de doengas (Buranaamnuay et al., 2009). Contudo, o uso de sémen congelado equino
¢ limitado, pois sua fertilidade é reduzida e inferior a de outras espécies, como bovinos (Maziero et al.,
2019). Existe uma diferenca na criotolerdncia dos espermatozoides entre espécies (Barbas e
Mascarenhas 2009; Hezavehei et al., 2018; Ezzati et al., 2020), e dentro da espécie equina também ¢
possivel notar uma variacao individual (Vidament et al., 1997; Tischner 1979; Al-Essawe et al., 2018;
Oddi et al., 2021).

Segundo Miguel-Jimenez et al. (2020) apds o descongelamento de sémen equino a motilidade
espermatica total fica entre 40 e 60% no maximo, enquanto na espécie bovina a motilidade minima ¢ de
60%. O sémen dos garanhdes pode ser classificado em alta e baixa congelabilidade, sendo a
caracteristica analisada a motilidade espermatica pos-descongelamento. Animais com baixa
congelabilidade espermatica apresentam uma média de motilidade progressiva <20%, enquanto os de
alta >50% pos descongelamento (Langoni et al., 2022). Estima-se que um tergo dos garanhdes possuem
sémen de baixa congelabilidade, caracterizado pela baixa motilidade e viabilidade p6s descongelamento
(Hidalgo et al., 2017).

Durante a criopreservacao dos espermatozoides de mamiferos, a reducdo de temperatura de 18
°C a 5°C leva a fase de transi¢ao da MP do estado liquido cristalino para o estado de gel (Graham, 1996,
Medeiros, 2002). As modificagdes estruturais da MP podem ser irreversiveis em casos onde a curva de
resfriamento ndo € controlada adequadamente (Sieme et al., 2015), caracterizando choque térmico. Em
situa¢des como esta, no poés-descongelamento caracteristicas como motilidade, sobrevida, metabolismo
espermatico e capacidade de fecundacdo podem ser afetadas (Graham, 1996; Squires et al., 1999).

Os espermatozoides também estdo sujeitos ao choque osmotico quando criopreservados e
descongelados (Contreras et al., 2023), sendo a curva de resfriamento determinante para o dano celular
(Oldenhof et al., 2017). Fisiologicamente, ao atingir 0°C formam-se cristais de gelo extracelulares,
tornando o ambiente concentrado em relagdo ao espermatozoide, o que acarreta na desidratacao deste
(Vidament et al., 2000; Wolkers et al., 2007). Em taxas de resfriamento lentas, essa desidratacdo ¢
exacerbada e prejudicial a célula espermatica (Oldenhof et al., 2017), causando o que é chamado de
efeito solugdo. No entanto, em uma taxa alta de congelamento, o espermatozoide ndo tem tempo
suficiente para perder a dgua para o meio extracelular hipertdnico, podendo ocorrer a formacao de gelo
intracelular, e morte do espermatozoide (Ricker et al., 2006; Oldenhof et al., 2017; Silva ¢ Monteiro,
2019). Além das curvas de resfriamento adequadas (Silva e Monteiro, 2019), para preservar a
integridade e funcionalidade celular durante a criopreservagdo sdo utilizados diferentes diluidores,
crioprotetores (gema de ovo, glicerol, amidas), agentes antioxidantes, estimulantes de metabolismo e
outros (Graham, 1996; Ricker et al., 2006; Nascimento et al., 2015; Alves et al., 2021).

2.4 Diluidores de sémen

Devido aos danos causados pelo processo de criopreservacgio € necessario que sejam utilizados
diluidores de s€men com objetivo de manter a qualidade espermatica no pos-descongelamento (Coelho
e Dias, 2021). O desenvolvimento desses meios envolve tanto a fase de resfriamento quanto a de
congelamento (Santos et al., 2018), com foco em minimizar os efeitos deletérios do choque térmico,
osmotico e oxidativo, das variagdes de pH, do crescimento bacteriano e contaminagdo, além das
alteragdes do metabolismo celular e funcionalidade espermatica (Foote et al., 1964; Amann e Pickett,
1987; Parks e Graham, 1992; Aidar, 2013; Malik et al., 2018; Raheja etal., 2018).

2.4.1 Crioprotetores

Crioprotetores (CP) sao substancias utilizadas no meio diluidor de sémen que preservam a
viabilidade espermatica durante os processos de congelamento ¢ descongelamento (Silva ¢ Monteiro,
2019). Eles agem principalmente através da alteragdo da permeabilidade da MP e do ponto de
solidificacao da solu¢do, controlando a desidratagdo da célula espermatica nas mudancas de temperatura
(Devireddy et al., 2002; Oldenhof et al., 2010; Akhoondi et al., 2011; Xu et al., 2014; Silva e Monteiro,
2019). Eles podem ser classificados em penetrantes e nao penetrantes, de acordo com sua capacidade de
atravessar a membrana plasmatica (Mckinnon, 1996).
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Crioprotetores penetrantes sdo moléculas pequenas e hidrossoluveis, que protegem o
espermatozoide dos danos causados pela formacdo de cristais de gelo através da reducdo do ponto de
congelamento da agua no interior da célula, evitando também a desidratagdo excessiva e lise celular
(Mazur, 1984; Arakawa 2 Timasheff, 1985). Os principais utilizados na espécie equina sdo o glicerol,
etilenoglicol, dimetilsulféxido (DMSO) e as amidas (Alvarenga, 2002, Vidament et al., 2009; Aidar,
2013; Swegen et al., 2020).

Os agentes ndo penetrantes sao representados por macromoléculas como as proteinas do leite e
gema de ovo, sacarose, glicose, lactose, trealose e outros (Mckinnon, 1996). Eles atuam no meio
extracelular, controlando a osmolaridade e promovendo a saida da agua intracelular de maneira
controlada (Oliveira et al., 2013), além de promovem maior estabilidade da MP do espermatozoide
(Amam e Pickett, 1987).

Contudo, quando em concentragdes elevadas os crioprotetores se tornam toXicos ao
espermatozoide, diminuindo a sobrevivéncia deste ao congelamento e afetando a fertilidade do sémen
(Woods et al., 2004; De Vita, 2006). Além da concentragdo, fatores como o tempo de exposicao e o
periodo de contato com as células antes da criopreservagdo também representam riscos importantes a
viabilidade espermatica (Watson, 2000; Moore et al., 2006). Em um estudo comparando taxas de
resfriamento e crioprotetores, a motilidade progressiva e a viabilidade espermatica ndo apresentaram
diferenca apos resfriamento com taxas entre 5°C/min e 45°C/min, independentemente do CP utilizados
(glicerol, dimetil formamida e etilenoglicol; Moore et al., 2006). Entretanto a concentracao de 4% de
glicerol apresentou pos descongelamento a melhor motilidade total dentre os tratamentos (Moore et al.,
2006).

2.4.2 Antioxidantes

A adig¢@o de antioxidantes aos diluidores de s€men tem como objetivo diminuir o estresse

oxidativo durante o processo de criopreservagdo (Baumber et al., 2004). O aumento na producdo de
espécies reativas de oxigénio (EROs) causa danos a motilidade espermatica, a MP, ao DNA e as
mitocondrias dos espermatozoides na espécie equina (Baumber et al., 2001; Baumber et al., 2002;
Baumber et al., 2003). Compostos como vitamina E, glutationa, catalase, superoxido dismutase (SOD)
e melatonina tém demonstrado efeitos positivos na preservacao da motilidade, integridade da membrana
e funcionalidade mitocondrial em varias espécies, incluindo equinos (Ball, 2008; Neild et al., 2005).
O plasma seminal contém uma variedade de antioxidantes que atuam na neutralizagdo dos efeitos
deletérios das EROs (Muifio-Blanco et al., 2008; Papas et al., 2019; Papas et al., 2020; Catalan et al.,
2022). Trés enzimas principais t€ém sido descritas no PS equino a superéxido dismutase (SOD), a
catalase (CAT) e o sistema glutationa peroxidase/glutationa redutase (GPX/GSR) (Baumber et al., 2005;
Papa et al., 2019). As vesiculas extracelulares (EVs) presentes no plasma seminal também tém sido alvo
de grandes estudos devido seu potencial antioxidante (Du et al., 2016; Xuan et al., 2023; Ribas-Maynou
et al., 2025). Estudos indicam que essas vesiculas contribuem para a preservagdo da motilidade, da
integridade de membrana e da capacidade antioxidante dos espermatozoides (Du et al., 2016).

2.5 Vesiculas extracelulares

As vesiculas extracelulares (EVs) sdo estruturas esféricas delimitadas por uma bicamada
lipidica que atuam como mediadoras da comunicacdo intercelular, realizando o transporte de um
conteudo (cargo) de uma célula para outra (Théry et al., 2002). Elas sao liberadas pela maioria das
células do organismo vivo, ndo possuem nucleo € nem capacidade de replicacdo (Lotvall et al., 2014).
Estudos caracterizaram o conteido de EVs em bovinos, murinos, humanos (Thimon et al., 2008;
Girouard et al., 2011; Nixon et al., 2019). Existe uma variedade de moléculas e ions que sdo
transportados pelas EVs, como diversas proteinas, lipidios (esfingomielinas), DNA e tipos de RNA,
(microRNAs (miRNAs) e fragmentos de mRNA), calcio, sodio e zinco (Fabiani et al., 1995; Théry et
al., 2009; Keerthikumar et al., 2016).

As EVs podem ser classificadas quanto ao seu tamanho, sendo 1) exossomos particulas entre
40-100 nm de didmetro (Crescitelli et al., 2013), 2) microvesiculas entre 50-1000 nm e 3) corpos
apoptaticos entre 800 a 5000 nm (Thery et al., 2009; Crescitelli et al., 2013; EL Andaloussi et al., 2013;
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Traver et al., 2014). Elas também podem ser nomeadas de acordo com a sua origem, como por exemplos
0s prostassomos (ou prostatosomos) que sdo EVs oriundas da prostata, e os epididimossomos oriundos
do epididimo (Colombo et al., 2014). Os prostassomos possuem uma funcao protetora (Sullivan e Saez.
2013), inibindo a capacitagdo prematura e a reacdo acrossémica em humanos (Carlini et al., 1997;
Arienti et al., 1998). Isso ocorre devido & composi¢ao da membrana rica em colesterol e esfingomielina
dos prostassomos (Arienti et al. 1998), que ap6s a fusdo com os espermatozoides promove a diminuigao
da fluidez da MP espermatica. Ja o contetido dos epididimossomos indica que estes atuam nos processos
de aquisi¢do de motilidade, capacidade de fertilizagdo dos espermatozoides e prote¢ao contra EROS em
touros (Frenette et al., 2006).
As EVs podem ser produzidas por trés principais mecanismos: o primeiro envolve a invaginacgao
da MP e a formagdo de corpos multivesiculares (MVBs), os quais posteriormente se fundem com a
membrana celular, liberando exossomos (Denzer et al., 2000; Laulagnier et al., 2004); o segundo ocorre
por meio da brotag@o (ou protrusdo) direta da MP, originando as microvesiculas (Willms et al., 2018);
e o terceiro e mais comum corresponde a secre¢ao apdcrina, onde ocorre liberagdo das vesiculas a partir
do destacamento de porgdes da regido apical da célula (Hermo and Jacks, 2002; Nickel 2003), como na
figura 3.
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Figura 3. Representacdo esquematica do mecanismo de secre¢cdo apdcrina nos segmentos do
epididimo e glandulas sexuais acessorias masculinas: formagdo de vesiculas apicais e a degradagdo de
grandes vesiculas liberadas no limen com subsequente liberagdo de vesiculas extracelulares. Fonte:
Rocca et al., 2022.

Em relagdo a interagdo das vesiculas com a célula-alvo, podem ser citados diferentes modos:
por meio da adesdo as moléculas de lipidios e ligantes presentes na superficie da célula receptora (Théry
et al., 2009), pela internalizagdo completa da vesicula (Record et al., 2011) ou ainda pela fusdo direta da
membrana da EV com a MP da célula-alvo (Arienti et al., 1998).

A interagdo entre as EVs e espermatozoides ocorre durante a passagem do espermatozoide no
trato reprodutivo do macho e da fémea (Roca et al., 2022). Algumas se ligam aos espermatozoides
durante a ejaculagdo, enquanto outras no trato reprodutivo feminino, influenciado por fatores como o
pH local (Aalberts et al., 2013; Du et al., 2016). Os prostatossomos tém sua fusao com espermatozoide
inibida em ambiente alcalino, o que evita a ativagdo precoce espermatica. Ja no pH acido da vagina, essa
fusdo ¢ estimulada, propiciando a transferéncia do contetido das vesiculas para a célula (Arienti et al.
1998).

As EVs tém sido estudadas em diversas areas da reprodugdo animal, como moduladores do
desenvolvimento embrionario bovino, agentes reguladores da maturagdo de gametas e sua interagdo com
células dos cumulus de odcitos bovinos (Da Silveira et al., 2017; Da Silveira et al., 2018; Andrade et
al., 2019; Avilaetal., 2019). Atualmente, as EVs tém ganhado destaque como ferramentas para melhoria
da fertilidade masculina, devido sua capacidade de modular processos como a capacitagdo espermatica,
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influenciar a integridade da MP, motilidade e a viabilidade espermatica em diversas espécies como
lobos-vermelho e guepardos (Ferraz et al., 2020) humanos (Mahdavinezhas et al., 2022; Kowalczyk ¢
Kordan,2024), bovinos (Lange-Consiglio et al., 2022) e suinos (Du et al., 2016). As EVs estdo
envolvidas na retirada de proteinas da membrana plasmatica levando a capacitag@o, reacdo acrossomica
e ligacdo espermatozoide- odcito ovino (Leahy et al., 2020).

A incubagdo do sémen fresco equino com EVs da tuba uterina e utero (400 x 10° EVs/ml) por
quatro horas aumentou a hiperativacdo, a reagdo acrossdmica espermatica, ¢ a taxa de fecundagio in
vitro comparado ao grupo controle (44% vs. 0%) (Lange-Consiglio et al., 2022a). A adi¢do de EVs
derivadas de células-tronco mesenquimais do tecido adiposo equino (25 e 50 pug/ml) ao sémen
criopreservado aumentou a motilidade total e progressiva, e a integridade de membrana (Sawicki et al.,
2024). EVs da tuba uterina de éguas em estro quando incubadas com sémen fresco equino aumentaram
a taxa de reacdo acrossomica e a hiperativagao espermatica comparadas as EVs obtidas no diestro ¢ do
grupo controle sem EVs (Granier, 2023).

As EVs do PS de humanos e bovinos foram adicionadas ao sémen congelado aumentando a taxa
de fecundacao in vitro (Mahdavinezhad et al., 2022; Lange-Consiglio et al., 2022b), enquanto que as de
garanhdes foram somente caracterizadas, sendo as de menor tamanho observadas no sémen de boa
congelabilidade (Barranco et al., 2025).
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Abstract

Extracellular vesicles (EVs) are lipid-bilayer-enclosed particles that carry proteins, lipids,
carbohydrates, and miRNAs. In the male reproductive tract, they are present in seminal plasma (SP) and
influence sperm capacitation, acrosome reaction, and sperm-oocyte interaction. The aim of this study
was to improve the quality of frozen equine semen of six stallions with the addition of SP-derived EVs
from a stallion with high progressive motility (=50%). The SP EVs were isolated and preserved in two
different vehicles Dulbecco’s Phosphate-Buffered Saline (D-PBS) and BotuCrio® equine semen
freezing extender. Stallions’ semen was frozen with 100 x 10° sperm/ml using BotuCrio® (control),
BotuCrio® with 400 and 800 x 10%ml EVs, and D-PBS without EVs (vehicle control), as well as D-
PBS containing 400 and 800 x 10¢ml EVs. After thawing, the samples were analyzed for motility and
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kinematic parameters with a computer-assisted sperm analysis system, morphology with a phase-
contrast microscope, plasma membrane functionality with a hyposmotic swelling test, plasma membrane
integrity, spontaneous acrosome reaction, and mitochondrial membrane potential with a flow cytometer.
Data were analyzed using Analysis of variance (ANOVA) and assumption tests (Shapiro-Wilk for
normality and Bartlett for homoscedasticity). When appropriate, means were compared using Tukey's
test. In cases where assumptions were not met, the Skillings-Mack test was applied, followed by
Durbin’s test for group comparisons. A probability of P<0.05 was considered significant. As results, the
addition of PBS without EVs resulted in a significant reduction of the kinematic parameter beat cross
frequency (BCF) (8,7 £ 0,3) in comparison to the control group (9,5 + 0,5). This may be related to the
lack of an energy substrate for sperm in this medium. On the other hand, the addition of EVs did not
affect the other sperm motility and kinematic variables and the other evaluated parameters. In
conclusion, the tested concentrations of SP-derived EVs did not influence post-thaw sperm quality in
equine sperm.

Introduction

Semen cryopreservation is an important biotechnology for preserving genetic material of
stallions with high zootechnical value [1]. However, this practice faces challenges related to variability
in sperm cryotolerance, which can differ between animals and even between ejaculates from the same
individual [2]. In equine, only 25% of stallions produce semen with high freezing capacity (motility >
40%), while 80% fall into the moderate motility range (20 to 40%) or low freezing capacity (< 20%
post-thaw) [3, 4]. The addition of substances, as antioxidants, to the freezing medium to enhance sperm
resistance to cryopreservation has been reported in several studies [5-11].

Bioactive particles known as extracellular vesicles (EVs) have been reported for their
antioxidant function [12 -14]. EVs have emerged as a potential tool to improve sperm function during
and after cryopreservation [15-19]. EVs are particles composed of a lipid bilayer, produced by living
cells, lacking a nucleus and replication capacity [20]. They consist of proteins, carbohydrates, lipids,
and miRNAs [21], and are present in seminal plasma after ejaculation [22]. In human, EVs play a crucial
role in sperm capacitation, acrosome reaction, and sperm-oocyte binding [23]. Their interaction with
sperm occurs in both the male and female reproductive tracts, with local factors such as pH influencing
this process [13, 24]. EVs from SP increased fresh sperm motility in humans [12], bulls [17], and swine
[23]. Moreover, the addition of SP EVs increases the percentage of sperm with normal morphology and
reduces apoptosis rate post-thaw in humans [12]. In horses, the incubation of oviduct and uterus EVs
combined (400 x10° EVs/ml) with fresh semen during 4-hour increased acrosomal reaction rate and
sperm hyperactivation [25].

Seminal plasma EVs from humans and cattle have been added to frozen semen, increasing the
in vitro fertilization rate [12, 17], whereas those from stallions have only been characterized, with
smaller EVs observed in semen with good freezability [26].

To the best of our knowledge, this study tested for the first time the addition of seminal plasma-
derived EVs to freeze stallion semen. Thus, the aim of the present study was to improve the quality of
cryopreserved equine semen by adding two concentrations of SP-derived EVs from a stallion with high
progressive motility to freeze the semen of other stallions.

Material and Methods

All experimental procedures were performed according to the Brazilian ethical and animal
welfare principles for the utilization and care of animals used in research and were approved by the
Ethical Committee “Comissdo de Etica no Uso de Animais” (CEUA, protocol number 316/2023) at the
Federal University of Minas Gerais (UFMGQG).

Two experiments were conducted 1) Isolation of EVs from the seminal plasma of a stallion with
high sperm motility, and 2) /n vitro evaluation of post-thaw equine semen quality after the addition of
different concentrations of EVs. The experiments were performed at the Laboratory of biotechnology
and assisted reproduction techniques (BioArtLab), Biomarkers Laboratory at the René Rachou Institute-
Fiocruz in Belo Horizonte, University of Sdo Paulo (USP), Pirassununga, SP and private stud farms.
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Experiment 1: Isolation of EVs from the seminal plasma of a stallion with high sperm motility.

1. Semen collection and evaluation

To the PS EVs isolation a clinically healthy Mangalarga Marchador stallion, presenting sperm
with 50% progressive motility in fresh semen (= 50%) and 60% normal morphology (= 60%) according
to fresh semen characteristics described for stallions in the Manual of Andrology Analysis of the Colégio
Brasileiro de Reprodug¢do Animal (CBRA, 2013). Semen was collected using an artificial vagina, and
total and progressive motility were evaluated with a bright-field microscopy (100x), and the sperm
morphology was assessed using phase-contrast microscopy (1000x%).

2. Plasma seminal extracellular vesicles isolation

Extracellular vesicles (EVs) were isolated by semen ultracentrifugation [27]. After collection,
the ejaculate was diluted 1:1 (v:v) with Kenney extender [27] and centrifuged (600 % g, 10 min). The
supernatant was centrifuged twice (4,000 x g, 20 min) at 4°C. The resulting supernatant was subjected
to a final centrifugation (16,000 x g, 30 min) at 4°C. Finally, the supernatant, containing the EVs of
interest, was transferred to Eppendorf-type tubes and frozen until use at —20°C.

For further processing, the supernatant was filtered through a sterile 0.22 pm syringe filter to
remove any remaining large EVs. Subsequently, this fluid was centrifuged twice at 120,000 x g for 70
minutes (Optima XE-90 Ultracentrifuge; rotor 70 Ti; Beckman Coulter, Brea, California, USA) to
isolate small EVs. After centrifugation, the supernatant was discarded, and the resulting pellets were
resuspended in 50 pl of phosphate-buffered saline (PBS, Gibco BRL, Thermo Fisher Scientific,
Waltham, MA, USA, without Ca?*/Mg?*, 1x; 137 mM NaCl, 2.7 mM KCIl, 10 mM Na:HPOs, and 2 mM
KH2POs4) for subsequent use.

3. Characterization and quantification of EVs

The isolated EVs were characterized based on particle size and concentration determined by
nanoparticle tracking analysis (NTA), their morphology was analyzed by transmission electron
microscopy (TEM), and proteins of vesicles membrane were identified by nano-flow cytometry, as
described below.

3.1 Nanoparticle tracking analysis

The isolated EVs were resuspended in 50 ul of 1x PBS free of Ca**/Mg?*. Particle size and
concentration were measured using a Nanosight instrument (NS300; NTA 3.1 Build 3.1.45, Malvern,
United Kingdom). A dilution factor of 1:500 in 1x PBS was used. The analysis was performed by
capturing five 30-second videos using an sCMOS camera at camera level 15, under a controlled
temperature of 37°C. A threshold of five was applied during the analysis.

3.2 Transmission electron microscopy

The isolated extracellular vesicles were diluted in 50 pL of fixation solution (0.1 M cacodylate;
2.5% glutaraldehyde; 4% paraformaldehyde, pH 7.2—7.4) for 2 hours at room temperature. They were
then further diluted in 2 mL of PBS, and the solution was ultracentrifuged again to obtain a pellet
enriched with small EVs (120,000 x g, 70 minutes, 4°C). This pellet was diluted in 20 uL of PBS and
stored at 4°C until further analysis. Sample preparation for TEM analysis was performed by placing it
on a pioloform-coated copper grid, which was kept for 5 minutes to allow excess PBS to evaporate. A
drop of 2% uranyl acetate was added and left for 3 minutes. The excess was removed using moist filter
paper before imaging the samples with a transmission electron microscope (Tecnai G2-20 SuperTwin
200kV - Thermo Fisher / FEI).

3.3 Nano-flow cytometry

For the characterization of EVs by nano-flow cytometry, 10 uL of the previously isolated
sample were incubated with antibodies (Abs) to detect the presence of membrane proteins or proteins
related to EV biogenesis. Fluorescently conjugated Abs were used: CD81-FITC (1:10 v/v), CD9-FITC
(1:10 v/v), CD63-FITC (1:10 v/v), and a primary antibody, Alix-FITC (1:10 v/v), followed by
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incubation with a secondary antibody (Alexa Fluor 448-goat anti-mouse, 1:2000 v/v). As a negative
control, an endoplasmic reticulum marker, Calnexin (1:10 v/v), was used to detect possible
contamination in the isolate. For the detection of intracellular proteins, such as Alix and Calnexin,
permeabilization of the EV phospholipid bilayer was performed prior to antibody incubation, using
0.001% Triton (1:1 v/v) for 15 min at room temperature.

The antibodies were centrifuged at 20,000xg for 30 min at 4 °C to sediment any particles that
could interfere with the analysis, and subsequently incubated with the samples for 2 h at room
temperature on a shaker. The samples were diluted in 500 uL of filtered PBS (three times) and analyzed
using the Cytoflex instrument (Beckman Coulter, USA). The cytometer was configured to detect
nanoparticles according to the wavelength of the fluorophore conjugated to the antibody. Gain values
(FSC: 87; SSC: 98; Violet SSC: 100; FITC: 450; PE: 600; ECD: 600; Hoechst: 600; KO525: 600) and
threshold values (Violet SSC-H: 500; FITC-H: 600) were adjusted according to the recommendations
for size beads (100-300 nm) and the fluorescence of interest (FITC: 525/40; Violet SSC: 405/10). Gating
was determined based on the negative control for each antibody (PBS + antibody). For reading
standardization, 50 pL of each sample were acquired in slow flow mode (10 uL/min).

Experiment 2: In vitro evaluation of post-thaw equine semen quality after the addition of different
concentrations of plasma seminal EVs.

1. Semen collection and evaluation

Stallion semen was collected using an artificial vagina, and sperm total and progressive motility,
vigor, concentration and morphology were microscopically evaluated. Only ejaculates with progressive
sperm motility > 50% and normal morphology > 70% were selected. Six Mangalarga Marchador and
Quarter Horse breeds stallions (age between 5 and 19 years old) were used. Sperm concentration/ml was
determined using a hemocytometer and assessed with bright field microscopy (400%). Sperm
morphology was evaluated by the wet preparation technique [28], counting 100 sperm per sample using
phase-contrast microscopy (1000x).

2. Equine semen freezing

Ejaculates were diluted 1:1 (v:v) with BotuSémen® extender (Biotech Botucatu, Botucatu-SP,
Brazil) and centrifuged (600 x g, 10 min). After centrifugation, 90% supernatant was discarded and the
pellet sperm concentration per milliliter was calculated. The pellet was resuspended with BotuCrio®
freezing extender (Biotech Botucatu, Botucatu-SP, Brazil) to 100 x 10°¢ sperm/ml. To ensure sample
uniformity, the treatment volume added to the semen samples was standardized with 50 pl of treatment
to every 2.5 ml semen. To verify the influence of EVs preservation media, SP EVs were isolated and
preserved in two different vehicles Dulbecco’s Phosphate-Buffered Saline (D-PBS) and BotuCrio®
equine semen freezing extender. The stallions’ semen was frozen with BotuCrio® extender (control)
and with 400 and 800 x 10%ml EVs. The semen was then distributed into seven groups according to the
vehicle and the concentration of EVs 1) Control, 2) PBS without EVs, 3) PBS + 400 x 10%ml EVs, 4)
PBS + 800 x 10°ml EVs, 5) BotuCrio® without EVs, 6) BotuCrio® + 400 x 10%ml EVs, and 7)
BotuCrio® + 800 x 10%ml EVs. Semen samples of each treatment were packaged in 0.5 ml straws,
sealed, and cooled to 4°C in a refrigerator (1°C/min, 20 min). The straws were laid over the liquid
nitrogen vapor for 20 minutes, plunged into it, and stored in a liquid nitrogen tank for subsequent
analyses. The semen straws were thawed at 37°C for 30 seconds and the sperm characteristics were
evaluated as following.

3. Sperm Motility and Kinematic Analysis

Sperm motility and kinematics were evaluated using a computer-assisted sperm analysis system
(CASA, Sperm Class Analyzer, SCA® 2005 VS 4.0.0 Microptik S.L., Barcelona, Spain). An aliquot of
10 ul from each treatment was diluted in BotuCrio® to 50 x 10° sperm/ml and assessed for total motility
(TM %), progressive motility (PM %), curvilinear velocity (VCL, um/s), average path velocity (VAP,
um/s), straight-line velocity (VSL, pm/s), amplitude of lateral head displacement (ALH, um), beat-cross
frequency (BCF, Hz), straightness (STR, %), linearity (LIN, %), and wobble (WOB, %). Five fields
were analyzed in triplicate for each sample. CASA settings were capture rate of 25 images per second;
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optics: Ph-; chamber: Makler; scale: obj10x, particle area (in pm?) 4 < area < 75; curvilinear velocity
(VCL): 10 <slow 45 <medium < 90 < fast um/s; progressive motility > 75% straightness (STR), circular
< 50% linearity (LIN).

4. Assessment of Plasma Membrane Integrity and Spontaneous Acrosome Reaction

Plasma membrane and acrosome integrity parameters were evaluated with a flow cytometer
(FACScalibur6: BD Biosciences, San Jose, CA, USA) using the fluorescent probes Propidium lodide
(PI, Sigma P4170, Sigma Chemical St. Louis, MO, USA) and Fluorescein Isothiocyanate—Peanut
Agglutinin (FITC-PNA, Sigma L7381, Sigma Chemical St. Louis, MO, USA). Post-thaw semen
samples were diluted 20:1 in PBS (250 pl semen: 5 ml PBS). An aliquot of 200 pl of this suspension
was stained with FITC-PNA (1.125 pg/ml) and incubated for 10 minutes at 37°C. Subsequently, 1 ml
of PBS was added, and the sample was stained with PI (1.5 mM) and incubated for an additional 10
minutes at 37°C. Samples were then analyzed using a flow cytometer (FACScalibur6: BD Biosciences,
San Jose, CA, USA). Ten thousand events were recorded per sample, with an acquisition rate of 500
cells per second.

The following sperm categories were observed: PI+/PNA+: non-intact plasma and acrosomal
membranes, PI+/PNA—: non-intact plasma membrane and intact acrosome, PI-/PNA—: intact plasma
and acrosomal membranes, and PI-/PNA+: intact plasma membrane and non-intact acrosome.
Spermatozoa exhibiting spontaneous acrosome reaction were considered PI-/PNA+, while viable
spermatozoa without spontaneous acrosome reaction were considered PI-/PNA—.

5. Assessment of Plasma Membrane Functionality

Sperm plasma membrane functionality was evaluated using the hypoosmotic swelling test
(HOST) with distilled water, as described by Lomeo and Giambersio [29] and modified by Lagares et
al. [30]. A 20 pl semen aliquot was added to 40 ul of distilled water at 37°C (1:2 dilution) and incubated
in a water bath (37°C, 5 min). Samples were then analyzed by phase-contrast microscopy (400x), and
200 sperm were evaluated per sample. The percentage of sperm reacting positively to HOST was
calculated by determining the proportion of sperm with coiled tails (HOST+) and subtracting the
baseline incidence observed in morphological evaluation.

6. Sperm Lipid Peroxidation

Sperm lipid peroxidation was assessed using the fluorescent lipid probe C11-BODIPY581/591
(Life Technologies Ltd., Grand Island, NY, USA; Partyka et al., 2011). For analysis, 1 ul of 2 mM C11-
BODIPY581/591 in ethanol was added to the diluted samples, followed by incubation at 37°C for 30
minutes in the dark. Subsequently, samples were centrifuged (500 % g, 3 minutes), and the pellet was
resuspended in 500 pl of freezing medium. Before flow cytometry reading, the samples were stained
with PI and incubated for 5 minutes to assess sperm viability.

7. Mitochondrial Membrane Potential

Mitochondrial membrane potential was evaluated by flow cytometry using the fluorescent
probes Propidium lodide (PI, Sigma P4170, Sigma Chemical St. Louis, MO, USA) and MitoTracker
Green FM (Invitrogen M7514, Massachusetts, USA).

An aliquot containing 10 x 10° spermatozoa was diluted in 2 ml of PBS and centrifuged (500 x
g, 12 minutes). The supernatant was discarded, and the pellet was resuspended in 200 ul of PBS. A pre-
warmed (37°C) stock solution of MitoTracker Green FM (final concentration of 20 nM) was added (0.5
ul), and samples were incubated at 37°C for 15 minutes protected from light.

After incubation, samples were diluted with 1 ml PBS, stained with PI (1.5 mM), and incubated
for 5 minutes at 37°C. Following staining, sperm were washed twice with 2 ml of PBS and centrifuged
(500 x g, 12 minutes). The pellet was resuspended in 1 ml of PBS and analyzed with a flow cytometry
(FACScalibur6: BD Biosciences, San Jose, CA, USA). Ten thousand events were recorded per sample
at a flow rate of 500 cells per second. The analysis of mitochondrial membrane potential was performed
based on the fluorescence intensity emitted by the MitoTracker probe. To quantify this parameter, the
geometric mean of fluorescence intensity was used.
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8. Statistical Analysis

The experimental design was a randomized complete block design, considering each stallion as
a block. Each block provided one result for each response variable (motility, morphology, lipid
peroxidation level, etc.), resulting in eight data points per variable at the end of the experiment.
Statistical analyses were conducted by comparing responses between treatments to draw conclusions
regarding improvements in parameters based on treatment.

Analysis of variance (ANOVA) and assumption tests (Shapiro-Wilk for normality and Bartlett
for homoscedasticity) were performed. When appropriate, means were compared using Tukey's test. In
cases where assumptions were not met, the Skillings-Mack test was applied, followed by Durbin’s test
for group comparisons when a significant effect was detected. Statistical analyses were conducted using
R software v.4.2.3 (R Core Team, 2023), and results were expressed as means + standard error. A
probability value of P < (.05 was considered statistically significant.

Results

The nanoparticle tracking analysis (NTA) revealed a mean particle size of 173 nm, with a mode
of 118 nm. The concentration of the isolated sample was 1.7 x 10'? particles/mL, in a final volume of
1.3 mL after isolation.

The morphology of the isolated EVs was evaluated using transmission electron microscopy
(TEM). The samples showed a membrane-bound vesicular structures with an approximate diameter of
100 nm, consistent with the typical morphology of EVs (Figure 1).

Figure 1. Representative TEM image of isolated EVs (arrow).

As shown in Table 1, a higher number of events per pL was observed in the samples containing
EVs compared with the control (PBS + Abs), indicating that the isolation method was effective in
obtaining EV-enriched fractions.



30
Table 1. Number of positive events/puL in the different experimental groups for the distinct extracellular
vesicle (EV) markers.

Sample CD9 CD63 CD81 Alix Calnexin
PBS + Abs 4,28 2,09 3,09 8,37 1,32
EVs + Abs 64,79 86,41 28,75 297,55 5,50

The average sperm characteristics of fresh semen from six stallions were shown in table 2. The
ejaculates exhibited 60 to 80% total motility (TM), 50 to 60% progressive motility (PM) and 2 to 3
sperm vigor between (Table 2).

Table 2. Equine sperm characteristics of fresh semen (n=6)

Stallion % TM % PM \(/(;g;’)r Volume (ml)
1 75 50 3 62,5
2 70 50 3 23
3 60 50 2 37
4 80 50 3 12
5 70 50 3 40
6 80 60 3 9

TM = Total motility, PM = Progressive motility

It was observed that the kinematic CASA characteristic beat-cross frequency (BCF) decreased
in the PBS without EVs treatment compared to the control group (Table 3, P < 0.05). On the other hand,
no significant differences were observed among treatments for the other sperm motility and kinematic
variables (Table 3, P > 0.05).

Table 3. Post-thawed sperm motility and kinematic parameters evaluated by CASA system in different
treatments with different concentrations of EVs (X + SE).

Treat ™ PM RAP VCL VSL VAP ALH LIN STR WOB BCF
() () (%) (um/s) (umv/s) (um/s) (um) (%) () (%) (Hz)
CONT 53,6 33,1 10,9 60,3 452 50,8 2,1 75,2 89,0 84,4 9,5
+8,1 +5 +39 +25 1,6 1,8 +£02 +£32 +14 =+24 =+0,5°
PBS 46,7 26,0 6,6 51,1 38,5 433 1,9 75,7 89,2 84,7 8,7
+8,1 +52 +£3,5 £39 +2,6 +£3,1 =+0,2 £33 +1,7 +£22 +0,3°
P400 43,5 24,1 8,4 52,5 38,9 43,9 2,0 74,4 88,8 83,7 9,1
+75 +6 +4 +£45 +£3  +36 +£02 +£27 +13 +£1,9 +03®
PRO0 421 26,5 9,4 55,4 41,4 46,9 1,9 75,3 88,4 85,1 8,8
+123 +£9,1 +43 =+43 +2,7 £33 =£02 23 +13 +14 +0,3®
BOTU 44.6 26,5 6,9 55,7 422 474 2,0 75,9 89,0 85,2 9,1
+94 +63 +34 +44 +£31 +£35 +02 +28 +16 +18 +0,5®
B400 46,6 26,2 6.9 53,1 40,2 452 1,9 75,9 88,9 85,3 8,7
+6 +42 +28 +3 +1,9 +22 +02 +23 +13 +1,6 +04®
BR00 45,5 30,8 6,2 53,3 39,6 44.8 2,0 73,8 87,9 83,7 8,8

+9,3 £9  £26 4,1 £39 +4 £02 £42  £2  £29 +04®

ab Values with different superscripts between lines differ statistically (P < 0.05), Treat.: treatments,
CONT = control, P400 = PBS + 400 x 10ml EVs, P800 = PBS + 800 x 10°ml EVs, BOTU =
BotuCrio®, B400 = BotuCrio® + 400 x 10°/ml EVs, B800 = BotuCrio® + 800 x 10%ml EVs, TM: %
total motility; PM: % progressive motility; VAP: average path velocity; VSL: straight-line velocity;
VCL: curvilinear velocity; BCF: beat-cross frequency; STR: straightness; LIN: linearity; WOB: wobble
index.
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The percentage of morphologically normal sperm and with defects did not differ among
treatments (Table 4, P > 0.05).

Table 4. Percentage of sperm morphology with EVs addition (X + SE).

Bent Proximal Distal S Detached
Treat. Normal il cD cD Head Acr Midpiece head Others

CONT 67+59 15+29 5+1 1+04 2+06 3+3 6+1,7 2+1 1+£0,2
PBS 66+7,1 16+42 4+08 1+£02 3+£08 2=+1 8+2 1+0,3 0£0,2
P400 60+6,6 16+39 3+12 2+0,7 3+1,2 3+x3 1022 2+0,5 0+0,2
P8O0 67+6,6 14+35 4+1,1 1+05 2+1 2+2 8=£2,]1 10,6 00,2
BOTU 65+73 18+39 5+1,7 1+£07 2+08 2=+1 7+1,5 1+0,3 0+0,2
B400 65+82 17+4,1 4+12 2+07 3+04 3+2 723 1+0,3 0+0
B800 67+70 16+3,1 2+1 1+£03 3+1 3+£2 8+28 1+£04 1+£0,3
Treat.: treatments, CONT = control, P400 = PBS + 400 x 10%ml EVs, P800 = PBS + 800 x 10%/ml EVs,
BOTU = BotuCrio®, B400 = BotuCrio® + 400 x 10%ml EVs, B800 = BotuCrio® + 800 x 10%/ml EVs;
Proximal CD = Proximal cytoplasmic droplets, Distal CD = Distal cytoplasmic droplets, Head = Head
defects, Acr = acrosome defects, Midpiece = Midpiece defects, Others = teratological defects. There
was no statistical difference between the values within rows and columns (P>0.05).

No differences were observed among treatments with or without EVs regarding the percentage
of sperm with functional and intact plasma membrane, and with spontaneous acrosomal reaction (Table
5,P>0.05).

Table 5. Sperm percentage with functional (HOST+) and intact plasma membrane, and with spontaneous
acrosome reaction (AR) with EVs addition (X + SE).

Treat. % HOST + % intact PM % AR
CONT 27,0+3 33,9+4.38 2,62
PBS 20,2 +£4.,5 31,6 £9,1 45+3,5
P400 26,2 +3.5 345+7 1,7+0,7
P800 25,0+3.9 32.8+6 1,0+0,2
BOTU 22,7+3,8 45,9+ 10,4 3,0+1,8
B400 27,0+ 3,1 41,7+4,5 1,1+£0,2
B&00 26,7+5.4 36,0 +7.,8 1,1+£0,4

Treat.: treatments, CONT = control, P400 = PBS + 400 x 10%/ml EVs, P800 = PBS + 800 x 10%/ml EVs,
BOTU = BotuCrio®, B400 = BotuCrio® + 400 x 10®ml EVs, B800 = BotuCrio® + 800 x 10%ml EVs.
There was no statistical difference between the values within rows and columns (P>0.05).

The addition of different concentrations of EVs did not affect the percentage of sperm with lipid
peroxidation (BODIPY+) and the mitochondrial membrane potential observed with the MitoTracker
probe fluorescence intensity (Table 6, P > 0.05).
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Table 6. Sperm percentage with lipid peroxidation (BODIPY+) and mitochondrial membrane potential
(MitoTracker) (X + SE).

Treat. BODIPY +

Mitochondrial membrane

potential

CONT 7,1+£34 1,7+0,1
PBS 15,9 +4,2 1,4+0,1
P400 16,0 = 4,6 1,6 £0,1
P800 12,9 +4,1 2,0+0,2
BOTU 16,8 £4,4 2,1+0,3
B400 17,5+6,7 2,0+0,1
B800 9,0+2,7 1,9+0,1

Treat.: treatments, CONT = control, P400 = PBS + 400 x 10%/ml EVs, P800 = PBS + 800 x 10%/ml EVs,
BOTU = BotuCrio®, B400 = BotuCrio® + 400 x 10%ml EVs, B800 = BotuCrio® + 800 x 10%/ml EVs;
There was no statistical difference between the values within rows and columns (P > 0.05).

Discussion

In the present study, the addition of EVs to equine semen during cryopreservation did not
influence the sperm quality parameters evaluated, except for the kinematic parameter BCF. This
parameter decreased in the PBS group compared to the control (8.7 vs. 9.5 Hz). An increase in BCF was
associated with high sperm motility in fresh bull semen [31]. However, in the same study, no significant
difference in this variable was observed in frozen semen. Although BCF itself is not considered a direct
fertility marker, it can serve as an indicator of sperm hyperactivation, which is characterized by increased
ALH and BCF, and decreased STR and LIN. [31, 32, 33]. Since these kinematics parameters were not
altered in the present work, the reduction of the BCF in the PBS group suggests a deficiency of energy
substrates in this medium [34].

EVs could have a beneficial effect on frozen sperm, as they carry calcium, antioxidants,
miRNAs, enzymes, and proteins [35]; however, in the present study, this effect was not observed. One
hypothesis is the lack of incubation of EVs with sperm before cooling/freezing. Incubation periods prior
to cryopreservation have shown positive outcomes in other studies [12,17,19,36]. When human semen
was incubated with SP EVs for one hour at 37 °C before freezing, increased sperm motility, a higher
percentage of morphologically normal sperm, and reduced sperm apoptosis were observed [12]. In
cattle, incubation of sperm with SP EVs for 45 min before cryopreservation resulted in higher
mitochondrial membrane potential and lower malondialdehyde (MDA) levels, indicating an antioxidant
effect of EVs [19]. Similarly, cryopreservation of bovine sperm after a 1 h incubation with SP EVs
improved sperm motility, as well as in vitro fertilization rates and blastocyst production [17].

Incubation of human fresh semen with SP EVs for two hours improved progressive motility and
reduced the spontaneous acrosome reaction rate [ 14]. On the other hand, in boars, a two-hour incubation
did not influence sperm motility, membrane integrity, or viability [13].

To date, only one study has evaluated the cryopreservation of equine semen in the presence of
EVs, reporting increased total and progressive motility and higher sperm membrane integrity [36].
Although no incubation time was applied, as in the present study, the EVs were derived from adipose
tissue—derived mesenchymal stem cells, differently than our study with SP EVs. Thus, it is possible that
the source of EVs influences equine sperm parameters during cryopreservation [36].

Oviduct-derived EVs have also been shown to positively modulate fresh epididymal cat sperm,
improving motility and preventing acrosomal exocytosis [15]. Equine fresh semen incubated with
oviductal EVs collected during estrus induced higher acrosomal reaction rates and sperm
hyperactivation compared with diestrus-derived EVs and the control group [18,25]. When oviductal EVs
obtained from peri- and post-ovulatory red wolf females were incubated with post-thaw sperm, enhanced
motility and acrosomal integrity were observed [16]. Furthermore, incubation of equine fresh semen
with uterine EVs collected during late estrus increased the acrosomal reaction, sperm hyperactivation,
and in vitro fertilization rates compared with the control (44% vs. 0%) [25].

In addition, EV concentration may differentially affect sperm function in a dose-dependent
manner. Equine sperm cryopreserved with 25-50 pg/mL of adipose tissue—derived mesenchymal stem
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cell EVs showed increased total and progressive motility and higher membrane integrity [36]. In
humans, supplementation with SP exosomes (0.5-2 mg/mL) and microvesicles (0.25—1 mg/mL) prior
to cryopreservation improved post-thaw sperm motility and morphology and reduced apoptosis rates
[12]. In cattle, the addition of SP-derived EVs (1.5-2.25 mg/mL) before freezing increased
mitochondrial membrane potential and reduced oxidative damage [19]. Thawed red wolf sperm
incubated with oviductal EVs from peri- and post-ovulatory bitches (30 x 10° particles/mL) showed
increased motility and acrosomal integrity [16]. In the present study, equine semen was supplemented
with EV concentrations of 400 x 10¢ or 800 x 10° EVs/mL; however, direct comparisons with previous
studies are challenging due to the use of different units to quantify EV supplementation (particle number
versus protein concentration).

Conclusion

In conclusion, the tested concentrations of SP-derived EVs did not influence post-thaw sperm quality in
equine sperm
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