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ABREVIATURAS 

 ACPs: agentes crioprotectores  

 ADN: ácido desoxirribonucleico  

 ADN-mt: ácido desoxirribonucleico mitocondrial 

 ALH: amplitud del desplazamiento lateral de la cabeza del espermatozoide 

 ARN: ácido ribonucleico 

 ATP: adenosín trifosfato 

 CV: Coeficiente de variación 

 DMF: dimetilformamida 

 DMSO: dimetil sulóxido 

 EO: estrés oxidativo 

 EROs: especies reactivas de oxígeno 

 FIV: fecundación in vitro 

 GSH: glutatión 

 hMMP: alto potencial de membrana mitocondrial 

 ICSI: inyección intracitoplasmática de espermatozoides 

 LH: hormona luteinizante 

 LIN: índice de linealidad del espermatozoide 

 MCI: masa celular interna 

 MII: metafase II 

 MMI: membrana celular interna 

 NAC: N-acetilcisteína 

 NADH: Nicotinamida adenina dinucleótido (coenzima I) 

 NADPH: Nicotinamida adenina dinucleótido fosfato (enzima lactaldehído 

reductasa) 

 REDOX: reacción reducción-oxidación 

 PNs: pronúcleos 

 VAP: velocidad media del espermatozoide 

 VCL: velocidad curvilínea del espermatozoide 

 VG: vesícula germinal 

 VSL: velocidad rectilínea del espermatozoide 

 ZP: zona pelúcida 
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UNIDADES 

 ºC: grados centígrados 

 min: minutos 

 ml: mililitros 

 (v/v): volumen/ volumen: porcentaje que representa el soluto 
dentro de la disolución 

 mM: milimolar 
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INTRODUCCIÓN 

 

Los gametos masculinos y femeninos  proceden de una estirpe celular específica 

denominada línea germinal que da lugar a las células germinales primordiales. En las 

etapas tempranas del desarrollo, las células germinales primordiales se diferencian en 

ovocitos (u oocitos) en el caso de las hembras y espermatozoides en el sexo masculino. 

ESPERMATOZOIDE 

 

 Los espermatozoides son células altamente diferenciadas que se forman en los 

testículos en un proceso denominado espermatogénesis. Las células precursoras de los 

espermatozoides sufren una serie de divisiones y modificaciones en los túbulos 

seminíferos hasta alcanzar su pleno desarrollo morfológico. Aún después de esta 

maduración en el testículo, los espermatozoides deberán seguir sufriendo 

transformaciones en el epidídimo donde adquirirán capacidad móvil y fecundante.  

 

A) ESTRUCTURA DEL ESPERMATOZOIDE 

 

Desde un punto de vista morfológico, las estructuras principales del 

espermatozoide son la cabeza y la cola o flagelo y entre ambas se localiza una 

estructura denominada pieza conectora o intermedia [1]; rodeando a todas estas 

estructuras se encuentra la membrana plasmática.  

1) Cabeza 

 

La cabeza se encuentra recubierta por el acrosoma y  contiene el núcleo y una 

pequeña cantidad de citoplasma. En la cabeza se pueden distinguir varias regiones, la 

región apical, la región ecuatorial y la región postacrosómica [2]. La región apical está 

situada en la parte anterior de la cabeza y contiene el acrosoma, en el extremo contrario 

se encuentra la región postacrosómica y entre estas dos regiones se encuentra la región 

ecuatorial. El acrosoma es una estructura vesicular derivada del aparato de Golgi que 
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se forma durante las últimas fases de la espermatogénesis. Está compuesto por una 

membrana acrosómica externa y una membrana acrosómica interna adyacente a la 

membrana plasmática que rodea a todo el espermatozoide. En su interior se encuentran 

diversas enzimas hidrolíticas que se liberarán al unirse el espermatozoide a la zona 

pelúcida del ovocito en la denominada reacción acrosómica. Esto permite la 

degradación de la zona pelúcida y la subsiguiente fusión del espermatozoide con el 

ovocito y, por tanto, la fecundación.  El núcleo es la estructura que ocupa la mayor 

parte de la cabeza del espermatozoide y contiene el ADN en forma de cromatina muy 

compactada gracias a la presencia de protaminas. El alto grado de compactación 

facilita el transporte del ADN al ovocito evitando que el material genético se dañe 

durante el trayecto.  

2) Flagelo 

 

El flagelo es la estructura responsable del movimiento y está constituido a su 

vez por tres partes: la pieza intermedia, la pieza principal y la pieza terminal (Figura 

1). La pieza principal ocupa la mayor parte del flagelo y está compuesta por una vaina 

fibrosa que rodea a una estructura llamada axonema y a las fibras densas.  El 

“axonema”, está constituido por 9  pares de microtúbulos de dineína dispuestos 

longitudinalmente y un par central, siendo la estructura responsable de la motilidad. 

Dado que el axonema está anclado a la base de la cabeza, la fuerza de deslizamiento 

global de esta estructura será la que genere el desplazamiento del espermatozoide. En 

la pieza intermedia se encuentra la vaina mitocondrial formada por mitocondrias 

dispuestas helicoidalmente que generarán la energía necesaria para el movimiento [3]. 

Por último, la pieza terminal constituye el extremo final de la cola y está compuesta 

únicamente por el axonema sin vaina fibrosa. 

 

 

          Figura 1: Estructura del espermatozoide. 
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B) ESPERMATOGÉNESIS 

 

Durante la espermatogénesis tiene lugar la producción de espermatozoides y se 

divide en dos procesos básicos, la espermatocitogénesis y la espermiogénesis. La 

espermatocitogénesis comprende divisiones mitóticas y meióticas que finalmente 

originan los espermatozoides, mientras que la espermiogénesis se refiere a la fase de 

maduración de las espermátidas formadas en la fase anterior. En la mayoría de las 

especies de mamíferos la primera oleada de la espermatocitogénesis se inicia en el 

feto, cuando las células germinales llamadas gonocitos primordiales se diferencian para 

formar las espermatogonias (2n). El proceso se reinicia poco antes de llegar a la 

pubertad, cuando las espermatogonias se diferencian en espermatogonia tipo A (2n) 

que marca el inicio de la espermatogénesis y va a durar toda la vida del individuo sano. 

Las espermatogonias tipo A proliferan mediante divisiones mitóticas y algunas se 

diferencian para formar espermatogonias tipo B (2n) [4]. Cuando los individuos 

alcanzan la madurez sexual, las espermatogonias tipo B incrementan su tamaño para 

convertirse en espermatocitos primarios. Estos espermatocitos entran en una profase 

prolongada seguida de una finalización rápida de la meiosis I y la formación transitoria 

de espermatocitos secundarios que, al finalizar la segunda división meiótica, formarán 

espermátidas haploides. En la espermiogénesis se produce la transformación de la 

espermátida globular en un espermatozoide aún inmaduro desde un punto de vista 

funcional, pero prácticamente conformado desde un punto de vista estructural. La 

maduración de las espermátidas para dar lugar a los espermatozoides implica 

fundamentalmente la reducción del tamaño nuclear, la condensación del material 

genético y la sustitución de las histonas por protaminas. Además, tiene lugar la 

formación de la vesícula acrosómica a partir del aparato de Golgi, la formación de un 

flagelo a partir de la región centriolar, la ordenación de las mitocondrias en la pieza 

intermedia, la reducción del citoplasma y la formación del cuerpo residual [4]. 

 

C)   MADURACIÓN EN EL EPIDÍDIMO 

 

Los túbulos seminíferos vacían su contenido en la rete testis que transportan los 

espermatozoides y el fluido contenido en dichos túbulos hasta el epidídimo. En los 
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túbulos, las células principales crean una barrera inmunoprotectora que es necesaria 

para la correcta maduración de los espermatozoides [5]. El epidídimo es un conducto 

sinuoso que se divide anatómicamente en 3 segmentos: cabeza, cuerpo  y cola. 

El epidídimo también aporta un medio adecuado en el que los espermatozoides se 

concentran, maduran y adquieren capacidad fecundante y mótil. Para ello, los 

espermatozoides procedentes de la rete testis (red de testis) deben migrar a través de la 

cabeza y el cuerpo del epidídimo donde sufrirán modificaciones morfológicas y 

funcionales gracias a las secreciones procedentes de las células epiteliales que lo 

forman. En conjunto a estas modificaciones se las denomina “maduración 

epididimaria”. En la mayoría de los mamíferos, el espermatozoide tarda de 2 a 5 días 

en atravesarlo. Una vez que los espermatozoides completan este tránsito se almacenan 

en la cola del epidídimo hasta la eyaculación. La duración del almacenamiento es 

variable entre especies, pero puede oscilar entre 3 y 13 días. Finalmente, los 

espermatozoides que desembocan en la cola del epidídimo junto con los procedentes 

del conducto deferente, constituyen un reservorio espermático conocido como “reserva 

extragonadal”[5-7]. 

OVOCITOS: 

 

Los ovocitos son célula germinales femeninas que está en proceso de 

convertirse en un óvulo maduro. Su función es la formación de un zigoto al fusionar su 

núcleo con el del gameto masculino.   

 

A) ESTRUCTURA DEL OVOCITO 

 

El ovocito presenta una estructura celular en forma de esfera. En su etapa más 

temprana de crecimiento, la mayoría de los orgánulos subcelulares se encuentran 

agrupados alrededor del núcleo en el citoplasma, formando lo que se conoce como 

corpúsculo de Balbiani [8]. La membrana plasmática es una estructura que engloba a 

las células y define sus límites. Dicha membrana está formada principalmente por 

fosfolípidos, colesterol, glúcidos y proteínas. La principal característica de esta barrera 
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es su permeabilidad selectiva, lo que le permite seleccionar las moléculas que entran y 

salen de la célula. De esta forma se mantiene estable el medio intracelular, regulando el 

paso de agua, iones y metabolitos, a la vez que mantiene el potencial electroquímico. 

Los ovocitos de mamíferos (Figura 2) se encuentran rodeados por varias capas de 

células de la granulosa que constituyen el cúmulo oóforo (cumulus oophorus) [9]. La 

parte más interna de la capa de células se denomina corona radiada y esta formada por 

dos o tres capas de células de la granulosa unidas a la capa protectora más externa del 

ovocito, la zona pelúcida (Figura 2). Las células de la corona radiada se comunican con 

el ovocito a través de uniones intercelulares tipo “gap” y permiten el intercambio de 

moléculas entre el ovocito, las células de la granulosa y la circulación sanguínea, con 

una finalidad nutritiva y reguladora [10]. La cubierta más externa del ovocito es la 

zona pelúcida (ZP) [11]; está compuesta por distintas glicoproteínas y su composición 

varía dependiendo de las especie [12] y se encuentran agrupadas en familias: ZP1, 

ZP2,  ZP3 y ZP4 según sus propiedades inmunológicas y funcionales. La zona pelúcida 

se encarga de la protección del ovocito y del embrión. Durante la fecundación lo 

espermatozoides son los encargados de llevar a cabo la disgregación de las células del 

cúmulo gracias a la liberación de enzimas hidrolíticas localizadas en el acrosoma. La 

importancia de la ZP en mamíferos radica en que está implicada en la unión específica 

espermatozoide-ovocito, la inducción de la reacción acrosómica y el bloqueo de la 

polispermia. El espacio existente entre el citoplasma y la ZP se denomina espacio 

perivitelino. Adyacente a la membrana plasmática, hacia el lado citosólico, se 

encuentran los gránulos corticales de secreción, constituyendo el córtex del citoplasma 

del óvulo. Los gránulos de secreción son un tipo especial de lisosomas primarios 

formados a partir del complejo de Golgi y del retículo endoplasmático y compuestos 

por glicoproteínas y enzimas hidrolíticas. El ovocito en estado maduro (MII); es decir, 

cuando posee la capacidad de ser fecundado, presenta el llamado corpúsculo polar. 
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   Figura 2: Estructura del ovocito. 

 

B) OVOGÉNESIS 

 

La ovogénesis es el desarrollo y diferenciación del gameto femenino (ovocito)  

mediante una división meiótica produciéndose, a partir de una célula diploide, una 

célula haploide funcional (óvulo). La formación de los ovocitos es un evento temprano 

en el desarrollo embrionario que se produce en el endodermo del saco vitelino a partir 

de células germinales primordiales que emigran hasta la cresta gonadal antes de 

diferenciarse. Durante el desarrollo fetal, las células germinales primordiales del ovario 

van a sufrir un proceso de diferenciación mediante sucesivas divisiones mitóticas 

transformándose en ovogonias, que darán lugar a los ovocitos primarios al iniciarse la 

primera división meiótica [13]. Toda la población de ovocitos entra en meiosis 

sincrónicamente en la vida fetal coincidiendo con el nacimiento o momentos 

posteriores cercanos, produciéndose la primera detención de la meiosis en profase I. En 

este momento, el ovocito comienza a ser rodeado por células pre-granulosas que 

forman una membrana basal generando el compartimento folicular [14].  

MADURACIÓN 

 

El proceso de maduración hace referencia a todos los cambios nucleares, 

citoplasmáticos y de membrana que sufre el ovocito con el fin de prepararse para la 

fecundación  y el desarrollo embrionario [15]. La maduración es un proceso que 

https://es.wikipedia.org/wiki/Ovocito
https://es.wikipedia.org/wiki/C%C3%A9lula_diploide
https://es.wikipedia.org/wiki/C%C3%A9lula_haploide
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requiere de una red de señalización endocrina, paracrina y autocrina que implica la 

interacción directa entre el ovocito y las células de la granulosa que forman el cúmulo 

[16]. 

 

Los ovocitos en estado latente en la profase I presentan un núcleo prominente 

denominado vesícula germinal (VG) y están rodeados de una capa de células 

epiteliales (foliculares) no proliferativas conocidas como células pre-granulosas, que 

están implicadas en el crecimiento folicular y en el mantenimiento de la inhibición de 

la meiosis del ovocito. El conjunto del ovocito primordial y la capa de células de la 

granulosa que lo rodean forma una unidad funcional denominada folículo primordial, 

siendo estos la fuente de gametos femeninos en el organismo sexualmente maduro. 

 

La maduración nuclear comprende toda una serie de procesos moleculares que 

permiten la reanudación de la meiosis (desde profase I) hasta la progresión hacia el 

estadio MII, con una nueva detención en este estadio a la espera de la fecundación. La 

maduración nuclear se inicia con la disolución de la membrana nuclear, un proceso 

conocido como “rotura de la vesícula germinal” progresando al estadio de metafase I 

en el que se produce la segregación de los cromosomas homólogos; la progresión de la 

meiosis dará lugar a la extrusión del primer corpúsculo polar y el paso de ovocito al 

estadio MII. La maduración nuclear finaliza cuando el ovocito alcanza el estadio de 

MII tras el pico de LH [17]. La maduración citoplasmática se refiere a los procesos o 

mecanismos moleculares no directamente relacionados con la progresión de la meiosis 

que acompañan a la maduración nuclear y preparan al ovocito para su activación, la 

formación de los pronúcleos, la fecundación y el posterior desarrollo embrionario [18]. 

Tras la rotura de la VG se produce una redistribución de los gránulos corticales y de las 

mitocondrias hacia una posición perinuclear que es necesaria para la progresión de la 

maduración ovocitaria [19, 20]. Además, los gránulos corticales aumentan de número 

al final del periodo de maduración y migran hacia la periferia del ovocito, situándose 

debajo de la membrana plasmática.  

DESARROLLO EMBRIONARIO: 

 Tras la fecundación, es decir, la unión espermatozoide-ovocito, se formarán los 

pronúcleos (PNs), uno procedente del óvulo y otro del espermatozoide y se observará 
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la  presencia de dos corpúsculos polares. A este estadio embrionario se le denomina 

zigoto (Figura 3). El tiempo de desarrollo embrionario, marcado por la división celular 

mediante divisiones mitóticas, va a depender de la especie. Tras la primera división 

celular por mitosis, el embrión presentará  2 células; cada una de esas células a su vez 

sufrirá otra división mitótica y dará  lugar a un embrión de 4 células. Tras sucesivas 

mitosis, el embrión alcanza el estadio de mórula  en el que presentan generalmente de 

más de 16 células o blastómeras. En ese estadio, comienzan a observarse uniones entre 

las membranas de las células pero éstas pueden distinguirse unas de otras y se 

denominan mórulas no compactadas. Estas uniones van en aumento hasta una 

compactación completa o mórula compacta. El siguiente estadio embrionario se 

denomina blastocisto y se caracteriza por que el embrión presenta al menos 64 células 

[21].  

 

Figura 3. Desarrollo embrionario. 

 

Los blastocistos presentan dos estructuras claves en su morfología: la masa 

celular interna (MCI), que va a originar las capas embrionarias que darán lugar a los 

órganos del feto y el trofoectodermo o masa celular externa, que originará la placenta. 

Entre ambas estructuras se encuentra el blastocele que es una cavidad central llena de 

líquido apenas visible en el blastocisto temprano. 

Durante su posterior desarrollo, el blastocisto comienza a cavitar para formar 

blastocele y el trofoblasto y la MCI se distinguen claramente. Paralelamente, la zona 

pelúcida se vuelve más delgada permitiendo la expansión del blastocisto (blastocisto 

expandido) y su salida para la implantación en el endometrio (eclosión o hatching) [22] 

(Figura 4). La expansión del blastocisto es imprescindible para que pueda tener lugar la 
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implantación del embrión en el útero, por lo que el desarrollo embrionario in vitro 

hasta este estadio se considera como un buen marcador de calidad embrionaria [23]. 

 

      Figura 4. Descripción y evolución del blastocisto [24]. 

 

CRIOPRESERVACIÓN: 

 

 La capacidad de criopreservar gametos o embriones de mamíferos se ha 

convertido en una técnica fundamental en reproducción asistida para preservar especies 

en peligro de extinción con el fin de  crear de criobancos  y para la producción in vitro 

de embriones de especies ganaderas de interés [25, 26]. 

 

A pesar de las diferencias fisiológicas, el éxito de los procedimientos de 

criopreservación van a depender del tipo celular, de la distribución de los compuestos 

crioprotectores en los espacios intra y extracelular, de la velocidad de enfriamiento 

(enfriamiento lento, rápido o muy rápido) y del mecanismo de solidificación de la 

solución que contiene la muestra biológica (congelación o vitrificación).  

 

AGENTES CRIOPROTECTORES 

 

Los agentes crioprotectores (ACPs) son sustancias que evitan o minimizan la 

formación de cristales de hielo. Estas sustancias se añaden a los medios de congelación 
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y vitrificación y actúan reduciendo el estrés físico y químico que se genera durante el 

proceso. Los crioprotectores se clasifican en 2 grandes grupos: permeables y no 

permeables. Los permeables (glicerol, dimetilsulfóxido, etilenglicol, amidas, 

propilenglicol, etc.) producen una reorganización de los lípidos y las proteínas de la 

membrana dando lugar a un incremento en la fluidez, mayor deshidratación a 

temperaturas más bajas, menor formación de hielo intracelular y mejor supervivencia 

al proceso de criopreservación. Estos crioprotectores permeables tienen además la 

capacidad de disolver azúcares y sales en el medio de congelación. Por otro lado, los 

crioprotectores no permeables (trehalosa, aminoácidos, dextranos y azúcares) no 

atraviesan la membrana plasmática y solo actúan en el medio extracelular. Estos 

crioprotectores pueden alterar la membrana plasmática o actuar como solutos, 

disminuyendo la temperatura de congelación del medio y la formación de hielo 

extracelular [27].  

La adición de crioprotectores provoca un cambio de volumen en las células en 

respuesta a los cambios osmóticos extracelulares perdiendo o captando agua. La 

capacidad de las células para cambiar su volumen viene determinada por la velocidad 

de transporte de agua a través de la membrana celular y la energía de activación para el 

transporte de agua [28]. A su vez, la permeabilidad de la membrana está influida por la 

composición de fosfolípidos, proteínas, canales iónicos, contenido de colesterol y 

elementos del citoesqueleto [29, 30]. Los agentes crioprotectores aumentan la 

permeabilidad de la membrana al agua y, por tanto, facilitan la deshidratación celular 

durante la congelación [30, 31]. Una vez compensada la fuerza osmótica, la célula 

vuelve a hidratarse.  

 

TIPOS DE CRIOPRESERVACIÓN 

 

 Hablamos de congelación convencional a baja velocidad o congelación lenta 

cuando se  reduce la temperatura de la muestra a una velocidad controlada durante la 

criopreservación. Se basa en la deshidratación celular por enfriamiento en una solución 

con bajas concentraciones de crioprotectores en la que se induce una disminución 

gradual de temperatura antes de almacenarse en nitrógeno líquido. La congelación 

lenta es un proceso largo de más de 110 minutos  aunque su duración depende de la 
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especie y del tipo celular, utilizándose distintas rampas de enfriamiento. Este tipo de 

criopreservación comienza con una tasa de enfriamiento de 2ºC/min hasta los -7ºC para 

ovocitos y embriones y de 0,1º C /min para espermatozoides, temperatura a la que se 

realiza el seeding. El seeding consiste en la inducción de la formación del primer 

núcleo de hielo en la solución donde se encuentran las células. Ese proceso provoca el 

aumento de la concentración de solutos de la parte líquida lo que supone una 

deshidratación celular. La siguiente rampa abarca de 0,3ºC  a -30ºC/min para 

embriones y de entre 10 a -60ºC/min hasta llegar a  -80º C para los espermatozoides. 

Una vez alcanzada las temperatura anteriormente mencionadas,  las muestras continúan 

con una rampa de enfriamiento de -50ºC/min hasta los -196ºC [32], temperatura a la 

que se almacena.  El término vitrificación se aplica a procesos muy rápidos de 

inmersión directa en nitrógeno líquido. Aunque el tiempo del proceso depende de la 

especie y del tipo celular, éste no supera los 15 minutos de duración. Dependiendo del 

tipo de soporte (abierto o cerrado) y del volumen de la solución,  la velocidad de 

enfriamiento oscilará entre 1.000ºC/min y 50.000ºC/min [33, 34] 

 

Las principales diferencias entre ambos procesos radican en la adición y 

concentración de los agentes crioprotectores y la velocidad de enfriamiento [35] 

(Figura 5). La criopreservación de ovocitos y embriones en la mayoría de especies 

animales se lleva a cabo principalmente mediante vitrificación [36, 37] y en el caso de 

los espermatozoides, la congelación lenta es el método utilizado [38].  

 

 

   Figura 5. Diagrama representativo de las rampas de enfriamiento. 
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CONGELACIÓN LENTA: PARTICULARIDADES 

 

 La criopreservación de gametos  facilita el transporte y el almacenamiento para 

su uso en técnicas de reproducción asistida a largo plazo. Sin embargo, existe un alto 

grado de variación en la supervivencia después de la descongelación entre especies,  

individuos y tipos celulares congelados. La congelación lenta es la más utilizada para 

la criopreservación de espermatozoides y, por haber sido el método utilizado en 

nuestros experimentos, a partir de ahora solo nos referiremos a su uso en gametos 

masculinos. 

 

 En general, el ACP más utilizados para la congelación de espermatozoides es  

el glicerol y se añade a concentraciones que oscilan entre un 5 y 7% (v/v) [39-42]. 

Recientemente, se ha combinado con el uso de amidas (metilformamida y 

dimetilformamida), que gracias a su bajo peso molecular, mejora las tasas post-

descongelación [43], motivo por el cual, en la presente Tesis Doctoral hemos utilizado 

esta combinación de crioprotectores para la congelación de semen de la especie bovina. 

 

 Además, los medios de congelación lenta de espermatozoides suelen 

suplementarse con agentes modificadores y protectores de membrana como la leche 

desnatada o la yema de huevo [32, 44, 45]. La congelación convencional del semen 

envasado en pajuelas se realiza usando diferentes velocidades de enfriamiento que a su 

vez dependen del volumen de las pajuelas utilizados (0.25 o 0.5 ml). Debe resaltarse 

que la composición del medio de congelación debe ser adaptada para cada especie e 

incluso a cada individuo con el fin de optimizar el proceso y maximizar el número de 

espermatozoides que mantengan su capacidad fecundante [46]. 

 

VITRIFICACIÓN: PARTICULARIDADES 

 

 Cada año, cientos de miles de animales domésticos se producen a  partir de 

embriones y ovocitos criopreservados [25, 47, 48]. Concretamente la vitrificación, es 

una técnica de criopreservación en la que no se produce cristalización ni formación de 

hielo [49], sino que la solidificación viene determinada por la extrema viscosidad del 
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medio, que se enfría a velocidades muy elevadas permitiendo que la muestra atraviese 

con rapidez los intervalos térmicos nocivos. Otra propiedad positiva de la vitrificación 

es la acusada disminución de las lesiones por enfriamiento; sin embargo, tiene el 

inconveniente de requerir una alta concentración de crioprotectores, que aumenta el 

efecto tóxico de los mismos [50]. El procedimiento básico de vitrificación consiste en 

someter a los embriones u ovocitos a solución de crioprotector o mezcla de ellos entre 

el 5 % y el 15% durante un tiempo variable, según la cantidad de agua, de entre 5-15 

minutos; este paso se conoce comúnmente como equilibrado. Posteriormente, se 

exponen brevemente (< 1 minuto) a una solución de vitrificación que presenta una 

concentración de crioprotector más elevada que oscila entre el 15-40% (v/v). El 

porcentaje y tipo de crioprotector utilizados depende de la especie. Los agentes 

crioprotectores permeables más usados  son el etilenglicol, el  propilenglicol, el DMSO 

y el glicerol en combinación con un crioprotector no permeable (generalmente sacarosa 

o galactosa) [51-53]. La alta presión osmótica de los crioprotectores causa una rápida 

deshidratación de las células. En ese tiempo, los embriones u ovocitos deben colocarse 

en los soportes especiales diseñados para su almacenamiento en nitrógeno líquido. 

 

SISTEMAS DE ALMACENAJE 

 

Encontramos dos tipos distintos de dispositivos de almacenaje: los sistemas 

abiertos, los cuales ponen el material biológico en contacto directo con el nitrógeno 

líquido y los dispositivos cerrados, que aíslan las células del nitrógeno líquido. 

Normalmente, los eyaculados se almacenan en sistemas cerrados en pajuelas de 

plástico de 0.25 o 0.5 ml (dependiendo de la especie) proporcionando una 

superficie/volumen grande. Sin embargo, existe controversia sobre cuál es el soporte 

de almacenamiento más adecuado para ovocitos y embriones. Normalmente, se utilizan 

soportes que consisten en una fina tira a modo de lengüeta unida a un mango de 

plástico resistente al nitrógeno líquido. Estos soportes los podemos encontrar a su vez 

de las dos maneras anteriormente descritas: abiertos o cerrados. Su diseño permite 

realizar la carga del material biológico con un volumen mínimo de medio de 

vitrificación (0.1 µl aprox.) [54]. Al disminuir considerablemente el volumen del 

medio que contiene las células que se van a vitrificar, se incrementa la velocidad de 
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vitrificación, lo que a su vez permite reducir la concentración de crioprotectores, y con 

ello, los efectos tóxicos [55]. Algunos estudios sugieren que el uso de sistemas 

cerrados es más seguro puesto que eliminan la posibilidad de contaminación durante el 

proceso y la conservación [56]. Aunque en la bibliografía encontramos estudios 

contradictorios respecto a los sistemas descritos [57] son común e indistintamente 

utilizados para la criopreservación de ovocitos y embriones. 

SENSIBILIDAD A LA CRIOPRESERVACIÓN 

 

 Existe una óptima tasa de enfriamiento para cada tipo de célula que depende del 

volumen y de la composición de la membrana. Los ovocitos y los primeros estadios de 

desarrollo embrionario presentan una tolerancia menor a la criopreservación que los 

embriones en estadios de desarrollo más avanzados [54]. Este fenómeno es debido a 

que la relación núcleo-citoplasma es menor cuanto mayor es el número de células del 

embrión [58] y a la menor permeabilidad de la zona pelúcida [59, 60]. 

La sensibilidad para la congelación también está asociada al contenido de 

lípidos de la membrana y del citoplasma, que varía dependiendo de las condiciones de 

producción y cultivo de los embriones (in vivo vs. in vitro); por ejemplo, los embriones 

producidos in vivo presentan tasas de supervivencia mayores tras la criopreservación 

que los generados in vitro [54]. 

 

DAÑOS INDUCIDOS POR LA CRIOPRESERVACIÓN 

 

 Los daños asociados a la criopreservación se pueden dividir en 2 tipos: daños 

físicos (producidos por la formación de cristales de hielo y los cambios de volumen) y 

daños químicos provocados por los cambios de las concentraciones de solutos [28]. 

Durante el proceso de criopreservación, el agua del medio se congela por lo que la  

concentración relativa de los solutos en el medio extracelular incrementa, aumentando 

la  osmolaridad del mismo [61]. Además, el incremento relativo de la  concentración 

de crioprotectores produce un efecto tóxico [62] y un choque hiperosmótico 

induciendo una disminución del volumen celular durante la congelación.  Durante el 

proceso de descongelación encontramos el fenómeno inverso; es  decir,  a medida que 
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el agua del medio se descongela, la célula experimenta un choque hipotónico y un 

incremento de volumen. Estos  cambios de volumen producen un efecto deletéreo  per 

se en las células, afectando específicamente a la viabilidad en el caso de los 

espermatozoides [63]. En espermatozoides, ovocitos y embriones, se ha demostrado 

previamente que las alteraciones en las propiedades físicas y químicas producidas por 

la criopreservación, afectan la integridad de la membrana celular y del citoesqueleto, 

inducen la  despolarización mitocondrial y disminuyen la concentración de ATP 

intracelular,  desencadenando la apoptosis y aumentando la producción de especies 

reactivas de oxígeno (EROs) [64-67]. Está descrito que el estrés oxidativo conduce a 

una disminución en la tasa de supervivencia y de desarrollo de los embriones tras la 

descongelación, siendo las mitocondrias la principal fuente de EROs [68, 69]. Las 

EROs, a su vez, inducen peroxidación lipídica de la membrana que afecta a la división 

celular, al transporte de metabolitos, inducen la fragmentación del ADN nuclear y 

disfunciones mitocondriales. Por otro lado, la adecuada distribución de estos orgánulos 

y el correcto mantenimiento del potencial de membrana mitocondrial aseguran el 

desarrollo y la función celular adecuada en embriones, espermatozoides y ovocitos 

[70]. 

 

ESTRUCTURA Y FUNCIÓN DE LA MITOCONDRIA: 

 

Las mitocondrias son orgánulos subcelulares altamente organizados. En los 

ovocitos maduros las  mitocondrias se sitúan en una posición perinuclear, siendo de 

vital importancia para la fecundación. En los embriones, las mitocondrias se 

encuentran distribuidas por el citoplasma de las blastómeras y en los espermatozoides 

las encontramos dispuestas helicoidalmente en la pieza intermedia. Estos orgánulos 

poseen una membrana externa, una membrana interna, un espacio intermembranoso y 

un espacio interno delimitado por la membrana interna denominado matriz 

mitocondrial. La membrana mitocondrial externa es altamente permeable y contiene 

canales que permiten el intercambio de sustancias.  En la membrana mitocondrial 

interna se localizan las denominadas crestas mitocondriales que forman un 

compartimento distinto del resto de la membrana interna. El número y forma de las 

crestas supone un reflejo de la actividad celular, siendo su función principal la 
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producción de energía en forma de adenosín trifosfato (ATP) en un proceso conocido 

como fosforilación oxidativa. La fosforilación oxidativa consta de dos tipos de 

reacciones: la cadena de transporte de electrones que libera energía y un proceso 

endergónico de síntesis de ATP, que utiliza esa energía para llevar a cabo sus 

reacciones. La cadena de transporte de electrones está formada por tres complejos de 

proteínas principales (complejo I, III, IV), y varios complejos "auxiliares", utilizando 

una variedad de donantes y aceptores de electrones. Los tres complejos se asocian en 

supercomplejos para canalizar las moléculas transportadoras de electrones, la coenzima 

Q y el citocromo c, haciendo más eficiente el proceso. El movimiento de protones crea 

un gradiente electroquímico a través de la membrana donde la energía se almacena 

mayormente como la diferencia de potenciales eléctricos en la mitocondria. La ATP-

sintasa situada en la membrana mitocondrial interna (MMI), libera esta energía 

almacenada completando el circuito y permitiendo a los protones fluir a través del 

gradiente electroquímico. Tanto la cadena de transporte de electrones como la ATP-

sintasa, están embebidos en la membrana, y la energía se transfiere desde la cadena de 

transporte de electrones a la ATP-sintasa por el movimiento de protones a través de la 

membrana, en un proceso llamado quimiósmosis. 

 Pesar de que la fosforilación oxidativa es una parte vital del metabolismo, 

produce una pequeña proporción de especies reactivas de oxígeno tales como aniones 

superóxido y peróxido de hidrógeno, lo que lleva a la propagación de radicales libres.  

La mitocondria también participa en otros procesos fundamentales como son la 

modulación del balance osmótico, la regulación y homeostasis de Ca
2+

, así como el 

metabolismo de los ácidos grasos mediante un proceso denominado β-oxidación. 

Además, interviene en la respuesta celular ante múltiples y variadas situaciones de 

estrés, así como en complejos procesos como la proliferación celular y la senescencia y 

la defensa antioxidante [71].  

A) IMPORTANCIA DE LAS MITOCONDRIAS 
EN LOS ESPERMATOZOIDES 

 

 Durante la espermatogénesis las mitocondrias sufren modificaciones 

significativas tanto en el número, como en el tamaño de las crestas mitocondriales lo 
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que provoca un aumento de la actividad respiratoria [72-74]. La versatilidad funcional 

mitocondrial comienza en la espermatogénesis y termina en los acontecimientos de 

fecundación [75-77]. La función principal de las mitocondrias en los espermatozoides 

es la producción de energía química en forma de ATP que es necesaria para el 

mantenimiento de la motilidad espermática y depende de la integridad funcional de la 

mitocondria [78]. Para que las mitocondrias sean funcionales deben mantener intacta la 

impermeabilidad de la membrana interna. Durante el proceso de criopreservación, la 

membrana mitocondrial se daña, se liberan EROs al citosol del espermatozoide, 

disminuyendo su vida media y la supervivencia al proceso. 

B) IMPORTANCIA DE LA MITOCONDRIA 
EN OVOCITOS Y EMBRIONES 

 

 La capacidad de generar ATP es crucial para la maduración del citoplasma y 

del núcleo y la preparación para la fecundación. En ovocitos inmaduros las 

mitocondrias se dispersan por todo el ooplasma. En el momento de la maduración, la 

mitocondria forma agregados con el retículo endoplasmático liso y se sitúa cerca del 

núcleo [70]. La calidad del ovocito es dependiente del número de mitocondrias debido 

a la alta demanda de energía que requiere la fecundación. Los ovocitos presentan 

alrededor de 6.000 mitocondrias en el desarrollo del estado primordial y tras la 

maduración a  metafase II (MII), el número asciende de 300.000 a 400.000 

mitocondrias [79]. El papel de la mitocondria en la producción de ATP y en la 

fosforilación oxidativa es crucial en los primeros estadios embrionarios [80], de esta 

forma, cuando la función mitocondrial se ve alterada, disminuyen las tasas de 

fecundación e incrementan las aneuploidías [81-84]. En las primeras etapas del 

embrión no se presentan replicaciones del ADNmt con lo que el número proporcional 

respecto al número de células disminuye drásticamente hasta estadio de blastocisto. 

Por otro lado, se ha demostrado que en estas primeras etapas, estas mitocondrias 

presentan escasas crestas mitocondriales debido a su inmadurez [85]. Debe tenerse en 

cuenta que los blastocistos producidos in vitro presentan un mayor número de 

mitocondrias inmaduras y mayor vacuolización de las mismas comparados con los 

embriones obtenidos in vivo[86].  
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ESTRÉS OXIDATIVO 

 

 La oxidación es un proceso bioquímico de pérdida de electrones. Esta 

oxidación participa en los procesos de obtención de la energía celular, sin embargo, 

cuando existe un exceso de oxidación aparece el fenómeno conocido como estrés 

oxidativo. Las especies reactivas de oxígeno (EROs) son necesarias para el correcto 

funcionamiento de las células pero en cantidades excesivas pueden modificar la 

función celular y poner en peligro la supervivencia de las mismas [87].  

A) ESTRÉS OXIDATIVO EN 
ESPERMATOZOIDES 

 

  Los espermatozoides son particularmente sensibles al daño producido por el 

estrés oxidativo (EO), ya que poseen en su membrana plasmática una cantidad elevada 

de ácidos grasos poliinsaturados y su citoplasma contiene una cantidad baja de 

captadores de especies reactivas [87]. Además el EO también afecta a la integridad del 

ADN y puede tener graves consecuencias en la fertilidad [88, 89]. Para poder disminuir 

los efectos de las EROs, en el plasma seminal se encuentran diferentes agentes 

antioxidantes [90]. Las EROs participan en reacciones en cadena que producen nuevas 

especies reactivas, lo que las hace tan perjudiciales [91]. Se ha detectado la formación 

de EROs por parte de los espermatozoides [92] por dos vías: por el sistema NADPH 

oxidasa a nivel de la membrana plasmática y por la oxido-reductasa dependiente de 

NADH a nivel de la mitocondria. La criopreservación genera EROs que dañan las 

defensas antioxidantes del eyaculado [93] afectando negativamente a la membrana 

plasmática, el acrosoma y la integridad mitocondrial [94]. El plasma seminal es la 

fuente de defensas antioxidantes [95] con lo que la centrifugación previa a la adición 

del diluyente de congelación para retirar el plasma seminal o la extracción de 

espermatozoides de la cola epididimaria para su conservación, afecta negativamente el 

equilibrio oxidante/antioxidante.  
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B) ESTRÉS OXIDATIVO EN OVOCITOS Y 
EMBRIONES 

 

  En el caso de los embriones se han detectado multitud de efectos negativos 

debido al EO. El metabolismo del embrión genera especies reactivas de oxígeno siendo 

la producción de estos radicales  particularmente importante durante las 

manipulaciones in vitro [96], aunque los niveles de EROs varían según la etapa del 

desarrollo embrionario [97]. Las EROs son capaces de difundir a través de las 

membranas biológicas y alterar diferentes tipos de moléculas, como lípidos, proteínas y 

ácidos nucleicos. Las consecuencias son múltiples e incluyen alteraciones 

mitocondriales, bloqueo del desarrollo del embrión, disminución de la concentración 

de ATP y la inducción de la apoptosis [98]. Las EROs dan lugar a fragmentación del 

ADN y peroxidación lipídica que afecta a la división celular, al transporte de 

metabolitos e inducen disfunciones mitocondriales [99]. Debido a que el ADN mt no 

tiene histonas éste presenta 4 veces más mutaciones que el ADN nuclear. Teniendo en 

cuenta que el ADN mt codifica enzimas esenciales para la fosforilación oxidativa 

[100], los  defectos en dicho ADN producen  un mal funcionamiento del metabolismo 

intermediario, ralentizando e incluso inhibiendo el desarrollo embrionario.  

1.6.1 ANTIOXIDANTES COMO MECANISMOS DE 
DEFENSA CONTRA LAS EROS 

 

  Se define un antioxidante como la sustancia que, a bajas concentraciones 

comparadas con el sustrato oxidable, retrasa significativamente o inhibe la oxidación 

de dicho sustrato [101]. Los antioxidantes se clasifican en hidrofílicos que actúan a 

nivel de citoplasma celular o hidrofóbicos, que protegen las membranas de la célula 

contra la peroxidación de lípidos [102]. El propio organismo posee un sistema de defensa 

antioxidante con componentes producidos de manera endógena o adquirida por micronutrientes 

dietéticos [103].  

  Entre los antioxidantes más comunes encontramos: el ácido ascórbico 

(Vitamina C) que es un agente reductor que neutraliza especies reactivas del oxígeno y 

no puede ser sintetizado por el organismo. El glutatión (GSH) es sintetizado en las 
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células desde sus aminoácidos. Es uno de los antioxidantes celulares más importantes, 

ya que mantiene el estado redox de la célula. El α-tocoferol (vitamina E) es el más 

importante de los antioxidantes liposolubles y protege las membranas de la célula 

contra la oxidación. También encontramos enzimas tales como la catalasa, superóxido 

dismutasa y varias peroxidasas con capacidad antioxidante. Los niveles bajos de 

antioxidantes o la inhibición de las enzimas antioxidantes causan estrés oxidativo y 

pueden provocar daños por los excesos de radicales libres. En el ámbito de la 

reproducción asistida, estos efectos se traducen en disfunción mitocondrial, daños en el 

ADN, ARN y proteínas [104], además de fallos en la fusión de núcleos durante la 

fecundación in vitro o FIV [105]. La adición de antioxidantes al medio de cultivo 

puede tener efectos positivos en el desarrollo embrionario,  mejorando la función 

mitocondrial, regulando los niveles de EROs  [106, 107] y aumentando los niveles de 

ATP [108]. Se ha demostrado que la adición de antioxidantes a los medios de 

maduración [109], fecundación [110, 111], de desarrollo [112], congelación seminal 

[113, 114] y de vitrificación [115] mejora la tasas de éxito de dichos procesos.  
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JUSTIFICACIÓN Y OBJETIVOS 

 

  La cisteína es un precursor de glutatión (GSH) en ovocitos [116], que juega un 

papel importante como antioxidante  cuando se adiciona al medio de cultivo. La N-acetil-

L-cisteína (NAC) es la forma estable de la L-cisteína, que después de la absorción, des-

acetilación, y la conversión a glutatión, funciona tanto como un tampón REDOX como 

captador de EROs [117-119]. Puede ser considerado como complemento para disminuir 

los radicales libres formados durante el estrés oxidativo y facilitar la biosíntesis de GSH 

[120, 121]. La N-acetilcisteína es  un inhibidor eficaz de muerte fisiológica de células 

[118, 122, 123] además de paliar los efectos citotóxicos de distintos tipos celulares como 

neuronas o células hepáticas entre otras. En el campo de la reproducción asistida 

Whitaker y Knight en 2010 [124] evaluaron el efecto de la N-acetilcisteína en la 

maduración in vitro de ovocitos porcinos mejorando las tasas de  desarrollo a blastocisto. 

También se ha descrito que la adición de antioxidantes (incluido NAC) al medio de 

cultivo de ovocitos de ratonas de edad avanzada mejora la actividad mitocondrial, la 

expresión génica y el desarrollo embrionario [125]. Además, este análogo de la cisteína 

tiene un gran potencial de fertilización en los ovocitos de ratón debido a la reducción de 

enlaces disulfuro en la zona pelúcida (ZP) [126]. Michael et al. 2010 demostraron  que la 

suplementación de diluyentes de semen con N-acetilcisteína durante la refrigeración es 

beneficioso para mantener la motilidad de los espermatozoides en perro [127]. También, 

reducen la fragmentación del ADN y la peroxidación lipídica en espermatozoides de 

verracos [128] y protegen los espermatozoides frente a las EROs  sin comprometer la 

viabilidad, la integridad del ADN o el desarrollo de los embriones tras la ICSI en semen 

bovino [129]. Teniendo en cuenta todo lo anteriormente expuesto, en la presente Tesis 

Doctoral nos planteamos los siguientes objetivos: 

 

 

 

 

 

 



JUSTIFICACIÓN Y OBJETIVOS 

28 
 

OBJETIVO GENERAL 

 

 Analizar el efecto de la adición de N-Acetilcisteína a ovocitos, embriones y 

espermatozoides criopreservados de diferentes especies con el fin de determinar la 

utilidad de dicho aditivo en los procesos de congelación lenta y vitrificación.  

OBJETIVOS ESPECÍFICOS 

 

 

1- Determinar si distintas combinaciones de crioprotectores (glicerol y 

dimetilformamida) en medios de congelación lenta mejora los parámetros de 

motilidad del semen epididimario de toro de lidia tras el almacenamiento 

prolongado previo a la criopreservación.  

2- Comprobar el efecto de la adición de N-acetilcisteína en los medios de 

congelación de semen epididimario de toro de lidia sobre la viabilidad, 

producción de EROs, potencial de membrana mitocondrial, integridad del 

acrosoma y del ADN  tras la descongelación. 

3- Comprobar si la adición de N-acetilcisteína a los medios de cultivo de 

embriones de 2 células frescos y vitrificados mejora la calidad de los 

blastocitos generados.  

4- Estudiar el efecto de la suplementación con N-acetilcisteína antes y después de 

la vitrificación en  los ovocitos de ratón. 

5- Comprobar si dicha suplementación mejora la capacidad de producción de 

ATP, agregación mitocondrial y producción de EROs de los ovocitos. 

6- Establecer si existen diferencias significativas en la calidad de los blastocistos 

y la capacidad de desarrollo in vitro de los embriones derivados de los 

ovocitos vitrificados suplementados con NAC. 
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ABSTRACT 

The Lidia bovine breed is considered a hallmark of Spanish cattle industry. Assisted reproductive techniques like cryopreservation of epididymal 
spermatozoa could be considered as an important tool to obtain more offspring and store its genetics. As these bulls are not selected by their 
reproductive performance or sperm freezability, the quality of their ejaculates is poor and addition of antioxidants prior cryopreservation could exert 
beneficial effects on the post-thaw sperm quality. The aim of this study was to evaluate the effect of the supplementing a tris-fructose-egg yolk based 
freezing extender with 1 mM and 2.5 mM of N-acetylcysteine to sperm recovered from epididymis stored at 4ºC for 24, 48, 72 or 96 hours prior 
cryopreservation. Motility values and sperm kinematic parameters were compared against control (epididymis stored for 24 hours and no antioxidant 
addition). Our results showed that N-acetylcysteine addition did not improve sperm motility parameters at any of the time points or dosages tested. In 
addition, storage of bullfight epididymis up to 96 hours did not significantly affect sperm kinematic parameters or total and progressive motility. 
 

Keywords: Lidia breed; Epididymal sperm; Cryopreservation; N-acetylcysteine. 
JOURNAL OF VETERINARY ANDROLOGY (2017) 2(1):23-29 

 
RESUMEN 

La raza de Lidia es considerada una insignia de la industria ganadera española. Las tecnologías de reproducción asistida como la criopreservación de 
espermatozoides epididimarios podría ser considerara como una herramienta importante para obtener más crías y conservar su genética. Ya que estos 
toros no son seleccionados por su desempeño reproductivo o congelabilidad espermática, la calidad de sus eyaculados es pobre y la adición de 
antioxidantes antes de la criopreservación podría tener efectos beneficiosos sobre la calidad del semen descongelado. El propósito de este estudio fue 
evaluar el efecto de la suplementación del medio a base de tris-fructosa y yema de huevo con 1 mM y 2,5 mM de N-acetilcisteína a espermatozoides 
recuperados de epidídimos almacenados a 4°C por 24, 48, 72 o 96 horas antes de la criopreservación. Los valores de movilidad y los parámetros de 
cinética espermática fueron comparados con el control (epidídimos almacenados por 24 horas y sin la adición de antioxidantes). Nuestros resultados 
muestran que la adición de N-acetilcisteína no mejora los parámetros de motilidad espermática en ninguno de los momentos o dosis evaluadas. Además, 
el almacenamiento de epidídimos refrigerados hasta 96 horas no afecta significativamente los parámetros de cinética espermática o la movilidad total 
o progresiva.  
 

Palabras clave: Raza de Lidia; Espermatozoides epididimarios; Criopreservación; N-acetilcisteína. 
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INTRODUCTION 
 
The Lidia bovine breed is an Iberian breed considered a hallmark of Spanish cattle industry. As a general rule, Lidia bulls are selected based 
upon temperament and aggressiveness disregarding their reproductive performance (Jiménez et al., 2007). The descendants are not allowed 
to sire, as they are not tested until they reach the fighting ring and this fact has lead to an increased in inbreeding (Canon et al., 2008). Assisted 
reproductive techniques (ARTs) could be considered as an important tool to obtain more offspring from certain maternal lineages or from a 
particular bull killed during the bullfight (Katska-Ksiazkiewicz et al., 2006).  
 
Cryopreservation of epididymal spermatozoa allows for an efficient use of the genetic material as it can be successfully cryopreserved and 
used for in vitro embryo production or artificial insemination (Martins et al., 2007). Usually, assisted reproductive facilities are far from 
bullrings and thus, transport and/or storage of the epididymis is necessary prior sperm harvesting. It has to be noted that even when 
epididymal spermatozoa are known to be moderately protected by a variety of antioxidant enzymes (Chen et al., 2003), seminal plasma is 
recognized as their predominant source of antioxidant defenses (Vernet et al., 2004). Cryopreservation exerts deleterious effects on sperm 
cells impairing their fertility due to the thermic, osmotic and oxidative stresses triggered during the freezing and thawing cycles (Amidi et al., 
2016). In fact, these processes have been demonstrated to negatively impact plasma membrane, acrosome and mitochondrial integrity 
(Januskauskas et al., 2003). Sperm cryopreservation has also been demonstrated to generate reactive oxygen species (ROS) which rapidly 
overwhelms the antioxidant defenses of the spermatozoa (Bilodeau et al., 2000). Accordingly, sperm removal from the epididymal tail followed 
by cryopreservation detrimentally affects the oxidant/antioxidant balance (Silva and Guerra, 2011).  
 
The addition of antioxidants to the freezing media has been demonstrated to reduce the negative effects induced by ROS in spermatozoa 
(Aitken, 1995; Bilodeau et al., 2000; Yoshimoto et al., 2008; Taylor et al., 2009; Gadea et al., 2011) and thus, antioxidants may have beneficial 
effects on the function of epididymal spermatozoa submitted to cryopreservation. N-acetylcysteine (NAC) is a potent free radical scavenger 
that can be considered as a supplement to alleviate Glutathione (GSH) depletion and free radical formation during oxidative stress as 
previously reported (Wu et al., 2006). Accordingly, our study aimed to evaluate the effect of NAC (1 mM and 2.5 mM) addition to Tris-fructose-
egg-yolk (TEY) freezing medium with 7% glycerol (v/v) on kinematics of epididymal Lidia bull sperm cooled at 4ºC for 24, 48, 72 or 96 hours 
prior cryopreservation.  
 

 
MATERIALS AND METHODS 

 
Reagents 
All the reagents used were purchased from Sigma-Aldrich (Barcelona, Spain) unless otherwise stated. 
 
Media 
The base medium was composed of Tris-fructose-citrate (TF) (Tris 250 mM, citric acid 86.9 mM, fructose 36 mM, 1 mg/ml penicillin and 0.5 
mg/ml gentamicin in sterile Milli-Q water) as previously described (Van Wagtendonk-De Leeuw et al., 2000; Chaudhari, et al., 2015). Base 
freezing medium was composed of Tris-fructose added with 20% (v/v) of egg yolk (Van Wagtendonk-De Leeuw, et al., 2000), and 7% glycerol 
(TEY). Treatment groups were added with 1 mM NAC (TEY-1) and 2.5 mM NAC (TEY-2.5); non-NAC added groups were considered as controls and 
are referred as TEY-C. 
 
Sperm harvesting and processing 
Spermatozoa were collected from the epididymis of 18 Lidia Spanish bulls aged 3-4 years. Testes with attached epididymis were obtained 
post-mortem at the bullring. Immediately after removal, the testis were placed into plastic bags in an isothermal box at 4ºC and shipped to 
the laboratory overnight. Once arrived to the laboratory the epididymis were separated from the testis, as previously described (Yu and Leibo, 
2002). Epididymis were stored in the fridge (4ºC) and processed at 4 different time points: a) 24 hours (n = 5), b) 48 hours (n = 5), c) 72 hours 
(n = 5) and d) 96 hours (n = 3). Connective tissue was carefully dissected, and the cauda epididymis was straightened to allow for flushing 
medium passage. A 20G needle attached to a 10 ml plastic syringe was used to flush the cauda epididymis of each bull using 5 ml of TF medium 
pre-warmed at 37ºC (Chaudhari et al., 2015). Each sample obtained was aspirated using a Pasteur plastic pipette and transferred to a 15 ml 
tube. Sperm was then centrifuged at 600 g for 10 minutes at room temperature, the supernatants were discarded and the pellets were diluted 
in 1.5-2 ml of TF at room temperature (22-25ºC) and centrifuged again. The supernatant was discarded once more and the remaining pellets 
were resuspended in 600-800 µl of TF. Sperm concentration was determined using a Neubauer chamber and freezing medium was slowly 
added to reach a final concentration of 100 × 106 spz/ml. The diluted semen was packed into 0.25 ml “french” straws at room temperature, 
and closed using an ultrasound sealer (Ultrasound Welding Machine, Vitrolife, Sweden). The straws were placed horizontally in a rack, and 
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placed in the fridge at 4°C for 2 hours; then, the straws were placed 4 cm above liquid nitrogen vapors for 20 minutes, seeded and subsequently 
plunged into liquid nitrogen as previously described (Chaveiro et al., 2006). The straws were stored for at least 1 month prior thawing and 
subsequent analysis. Thawing was achieved by immersing the straws for 1 minute in a water bath set at 37°C. After thawing 50 µl of each 
sample were resuspended with an equal volume of TF and subjected to a short spin (MiniSpin®, eppendorf) for 10 seconds. The supernatant 
was removed and the remaining pellet was resuspended in 90 µl of pre-warmed TF.  
 
Motility Assay 
All samples were examined using a CASA system (ISAS®, Proiser R+D, Paterna, Valencia, Spain). Two microliters of each sample were placed 
in a pre-warmed counting chamber (Leja®, Nieuw-Vennep, The Netherlands). Sperm motility was assessed with a microscope (Nikon Eclipse 
50i) equipped with a 10x negative-phase contrast objective and a heated stage at 38°C. Analysis was based on the examination of 25 
consecutive digitalized images and at least 200 spermatozoa per sample were analyzed. After acquiring at least 3 representative fields, the 
following sperm motility descriptors were recorded: total motility (TM) and progressive motility (PM), VCL (curvilinear velocity in µm/sec), VSL 
(straight-line velocity in µm/sec), VAP (average path velocity in µm/sec), LIN (linearity coefficient in %), STR (straightness coefficient in %), 
ALH (amplitude of lateral head displacement in µm) and BFC (beat cross frequency in Hz). 
 
Statistical analysis 
Data were tested for normality using a Shapiro–Wilk test; results are reported as mean ± standard error of the mean (SEM). Groups were 
compared using an ANOVA on ranks due to their non-Gaussian distribution. When statistically significant differences against the control (TEY-
C at 24 hours) were found, a Dunn’s post-hoc test was used. All statistical analyses were performed using Sigma Plot software version 12.3 
for Windows (Systat Software, Chicago, IL, USA). Differences among values were considered as statistically significant when p < 0.05. 
 
 

RESULTS 
 
Total motility values did not show statistically significant differences among groups (Table 1; p > 0.05). Conversely, for progressive motility, 
statistically significant differences were found between TEY-C at 24 h (14.22% ± 3.51; mean ± SEM), and TEY-C and TEY-1 at 96 hours (2.8% 
± 0.95 and 2.23% ± 0.96; mean ± SEM; respectively). No statistically significant differences were found in the velocity parameters (VCL, VSL, 
VAP, LIN and ALH) among control (TEY-C) and treatment groups (TEY-1 and TEY-2.5) at any storage time studied (Tables 2 and 3; p > 0.05). 
Conversely, significant differences among control (TEY-C) and TEY-1 (68.70% ± 2.48 vs. 52.47% ± 2.60; mean ± SEM) and TEY-2.5 (68.70% 
± 2.48 vs. 57.27% ± 1.93; mean ± SEM) at 96 hours were found for STR. BCF differed only among control (TEY-C) and TEY-1 after 96 hours (p 
< 0.05; Table 3).   
 
 
 

Table 1. Total and progressive motility of frozen-thawed Lidia bull epidydimal sperm 
Storage time(4ºC) Freezing medium n TM (%) PM (%) 

24 hours 
TEY-C 5 30.22 ± 5.96 14.22 ± 3.51 
TEY-1 5 26.54 ± 5.21 11.44 ± 2.28 

TEY-2.5 5 25.08 ± 6.19 11.36 ± 2.92 

48 hours 
TEY-C 5 21.72 ± 5.10 6.44 ± 2.51 
TEY-1 5 21.18 ± 5.4 5.98 ± 1.76 

TEY-2.5 5 19.66 ± 4.9 6.78 ± 2.18 

72 hours 
TEY-C 5 21.08 ± 2.87 7.36 ± 2.22 
TEY-1 5 23.52 ± 1.88 7.12 ± 0.89 

TEY-2.5 5 25.46 ± 2.67 9.16 ± 2.03 

96 hours 
TEY-C 3 12.16 ± 3.10 2.8 ± 0.95* 

TEY-1 3 15.1 ± 5.25 2.23 ± 0.96* 
TEY-2.5 3 16.26 ± 4.60 3.56 ± 0.35 

Total and progressive motility of thawed Lidia bull sperm from epididymis stored at 4 ºC at different time points prior 
cryopreservation. TEY-C is a TF based medium added with 20% egg yolk, 7% glycerol (v/v) used as control; TEY-1 is a TEY-C 
medium added with 1 mM NAC and TEY-2.5 is a TEY-C medium added with 2.5 mM NAC. All data were compared against TEY-C 
24h using an ANOVA and are represented as mean ± SEM; values marked with * differ statistically p < 0.05. 
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Table 2. Sperm velocity parameters of frozen-thawed Lidia bull epidydimal sperm 

Storage time (4ºC) Freezing medium n VCL (μm s−1) VSL (μm s−1) VAP (μm s−1) 

24 hours 
TEY-C 5 82.45 ± 4.48 27.78 ± 2.07 40.29 ± 2.17 
TEY-1 5 86.47 ± 5.2 27.43 ± 2.01 40.17 ± 2.51 

TEY-2.5 5 74.79 ± 12.9 23.21 ± 4.35 34.19 ± 6.22 

48 hours 
TEY-C 5 81.22 ± 5.12 21.34 ± 2.71 34.21 ± 3.57 
TEY-1 5 82.16 ± 1.80 20.41 ± 1.31 33.81 ± 1.92 

TEY-2.5 5 82.31 ± 3.14 22.62 ± 2.23 35.32 ± 2.49 

72 hours 
TEY-C 5 80.53 ± 4.64 22.36 ± 2.89 34.70 ± 2.65 
TEY-1 5 80.47 ± 2.99 22.37 ± 2.90 35.76 ± 1.73 

TEY-2.5 5 86.55 ± 5.76 22.50 ± 1.82 41.63 ± 4.15 

96 hours 
TEY-C 3 69.35 ± 2.49 27.76 ± 3.59 31.54 ± 2.18 
TEY-1 3 64.59 ± 8.65 19.02 ± 1.07 30.83 ± 6.49 

TEY-2.5 3 64.43 ± 8.65 15.88 ± 2.59 28.12 ± 4.53 
Sperm velocity parameters of frozen-thawed Lidia bull sperm recovered from epididymis stored at 4 ºC at different time points prior 
cryopreservation. TEY-C is a TF based medium added with 20% egg yolk, 7% glycerol (v/v) used as control; TEY-1 is a TEY-C medium 
added with 1 mM NAC and TEY-2.5 is a TEY-C medium added with 2.5 mM NAC. All data were compared against TEY-C 24 h using an 
ANOVA and represent the mean ± SEM; no statistically significant differences were detected among groups p > 0.05. 

 
 
 

Table 3. Sperm kinematic parameters of frozen-thawed Lidia bull epididymal sperm 

Storage time(4ºC) Freezing medium n LIN (%) STR (%) ALH (µm) BCF (Hz) 

24 hours 
TEY-C 5 33.94 ± 2.78 68.70 ± 2.48 3.47 ± 0.20 10.52 ± 0.29 
TEY-1 5 31.94 ± 2.33 68.22 ± 2.30 3.74 ± 0.23 10.37 ± 0.55 

TEY-2.5 5 30.85 ± 1.49 67.36 ± 2.03 3.17 ± 0.52 9.33 ± 1.43 

48 hours 
TEY-C 5 26.03 ± 2.23 62.01 ± 2.19 3.57 ± 0.52 8.85 ± 1.23 
TEY-1 5 24.78 ± 1.22 60.39 ± 1.70 4.34 ± 0.33 8.63 ± 1.21 

TEY-2.5 5 27.37 ± 2.11 63.67 ± 2.73 3.72 ± 0.17 8.46 ± 0.82 

72 hours 
TEY-C 5 27.81 ± 2.99 63.98 ± 4.30 4.04 ± 0.32 9.54 ± 0.65 
TEY-1 5 27.82 ± 1.36 62.59 ± 2.24 3.92 ± 0.33 9.25 ± 0.78 

TEY-2.5 5 27.82 ± 1.56 65.96 ± 2.16 4.29 ± 0.30 10.60 ± 0.62 

96 hours 
TEY-C 3 31.64 ± 2.22 60.65 ± 3.32 3.42 ± 0.6 8.13 ± 1.59 
TEY-1 3 27.47 ± 1.47 52.47 ± 2.60* 2.76 ± 1.12 4.81 ± 1.35* 

TEY-2.5 3 24.40 ± 1.05 57.27 ± 1.93* 2.44 ± 0.28 6.70 ± 1.93 
Sperm kinematics of frozen-thawed Lidia bull sperm recovered from epididymis stored at 4ºC at different time points prior cryopreservation. 
TEY-C is a TF based medium added with 20% egg yolk, 7% glycerol (v/v) used as control; TEY-1 is a TEY-C medium added with 1 mM NAC and 
TEY-2.5 is a TEY-C medium added with 2.5 mM NAC. All data were compared against TEY-C 24 h using an ANOVA; values marked with * differ 
statistically p < 0.05. 

 
 

 
DISCUSSION 

 
This study evaluated the effects of different dosages of NAC (1 mM and 2.5 mM NAC) on thawed Lidia bull sperm motility parameters after 
epididymal storage at 4ºC (24 to 96 hours). Our results show that total and progressive motility did not vary in thawed epididymal Lidia bull 
sperm despite prolonged epididymis storage at 4ºC. Furthermore, NAC addition at none of the dosages used exerted any significant effect in 
total or progressive motility (Table 1). Coinciding with our results, a high variability between bulls has been reported after 24 hours of 
refrigerated storage prior sperm freezing in Lidia breed (Posado et al., 2008). This variability observed between bulls explains why despite 
the apparent vivid differences in the total and progressive motility after epididymal refrigeration for 24 and 96 hours at 4ºC (30.22-12.16% 
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and 2.23-14.22%; respectively) no significant differences were found. Furthermore, although the total motility values obtained may appear 
to be low, epididymal sperm have been demonstrated to yield lower total and progressive motility, and lower straightness and linearity than 
freshly ejaculated bovine sperm (Goovaerts et al., 2006). However, it has to be noted that reference motility parameters are not established 
yet in the Lidia breed for epididymal or ejaculated sperm and ours are among the first results published.  
 
Regarding the advanced sperm kinematic parameters, no changes were detected in VCL, VSL, VAP, ALH and LIN despite NAC addition or 
prolonged epididymal storage (Tables 2 and 3) and only STR and BCF experienced statistically significant alterations after 96 hours in the NAC 
supplemented groups. Individual velocities have been shown to predict the fertilizing potential of frozen-thawed semen in many species (Byrd 
et al., 1990; Fetterolf and Rogers, 1990; Adoyo et al., 1995) including the bull (Nagy et al., 2015). In this sense, it has been suggested that VAP 
may be the most useful parameter with clinical relevance to predict fertility in bulls (Nagy et al., 2015). Hence, our results suggest that 
prolonged storage of Lidia bull epididymis up to 96 hours may not significantly impair the fertility of the retrieved sperm and thus, processing 
of Lidia bull sperm epididymis can be done after epididymal storage for up to 96 hours at 4ºC.  
 
On the other hand, prolonged storage is critical due to the accumulation of reactive oxygen species (ROS), which leads to the so called ‘oxidative 
stress’ (Nichi et al., 2007). Epididymal samples are particularly susceptible to attack by ROS, as they are not exposed to the complex secretions 
of the accessory sex glands (seminal plasma), which are recognized as the prime source of anti-oxidant protection (Chen et al., 2003). 
Antioxidant addition to sperm freezing media is backed by many authors (Bilodeau et al., 2000; Gadea et al., 2005; Yoshimoto et al., 2008; 
Taylor et al., 2009; Gadea et al., 2011; Olfati Karaji et al., 2014; Sapanidou et al., 2014;  Mata-Campuzano et al., 2015), although its use is 
controversial (Seifi-Jamadi et al., 2016), as high antioxidant concentrations can also exert deleterious effects such as apoptosis due to cell pro-
oxidation (Aisen et al., 2005; Atessahin et al., 2008; Kang et al., 2016). A number of studies have demonstrated the positive effect of ROS 
scavenger addition  (such as superoxide dismutase, catalase, cytochrome C or Vitamin E among others) to ejaculated semen of ruminants for 
preservation at either 15 or 5ºC (Maxwell and Stojanov, 1996; Upreti et al., 1997; Upreti et al., 1998). NAC scavenging properties have been 
previously studied on fresh human spermatozoa incubated at room temperature (Oeda et al., 1997), and it has also been demonstrated a 
beneficial effect of NAC on refrigerated and cryopreserved canine and bovine spermatozoa motility and viability (Bilodeau et al., 2001; Michael 
et al., 2010; Pérez et al., 2015). However, our results are in agreement with previous research in different species in which it was concluded 
that antioxidant addition does not improve sperm motility parameters after 96 hours of refrigerated storage (Ball et al., 2001; Fernández-
Santos et al., 2009) (horse and deer respectively). Our data and the previously mentioned works suggest that thermal and osmotic shocks (or 
others insults rather than ROS) are the main damages impairing sperm post-thaw quality and that these insults cannot be prevented by 
antioxidants. NAC addition to TEY medium at either 1 or 2.5 mM prior freezing does not induce any beneficial or detrimental effect on Lidia 
bull sperm after epididymal cooled storage. Furthermore, it was observed a high variability between males to withstand the sperm freezing 
and thawing processes.  
 

 
CONCLUSIONS  

 
In conclusion, in our study the possible beneficial effect of NAC in the freezing semen extender of Lidia bulls could not be demonstrated. 
Additionally, storage of bullfight epididymis up to 96 hours after animal slaughter, does not significantly affect total motility and progressive 
motility or sperm kinematic parameters. Due to the scant data available in Lidia bull sperm, more effort has to be put in establishing accurate 
protocols that maintain good quality of frozen epididymal sperm after the bullfight and to ensure its fertility. 
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ABSTRACT 
 

The Lidia bovine breed is an important hallmark of the Spanish cattle industry. Bulls are 
selected based upon aggressiveness and epididymal sperm cryopreservation is the way to obtain 
and store their genetics. There are not specifically designed protocols yet to perform Lidia bull 
sperm cryopreservation. The present study aimed to determine if a tris-fructose-citrate-egg yolk 
(20% v/v; TFY) extender supplemented with 7% glycerol (TFY1) or 3.5% glycerol plus 3.5% 
dimethylformamide (DMF; TFY2) are suitable media for cryopreservation of epididymal Lidia 
bull sperm. Moreover, the effect of N-acetylcysteine (NAC), a potent antioxidant, was evaluated. 
The epididymis were stored at 4°C for 24, 48, 72 or 96 h, and both freezing media were tested as 
such or supplemented with 1 or 2.5 mM of NAC. Our data demonstrated that post-thaw viability 
was well maintained (TFY1: 50.8% ± 1.9 at 24 h and 52.4% ± 0.8 at 96 h and TFY2: 52.6% ± 1.6 
at 24 h and 56.1% ± 1.8 at 96 h; mean % ± SEM; p>0.05) as also were total and progressive 
sperm motility, high mitochondrial membrane potential, ROS production, DNA status and 
acrosomal intactness of Lidia bull sperm up to 96 h of epididymal storage, all extender variations 
being similar (p>0.05). In conclusion, the use of TFY medium supplemented either with 7% 
glycerol alone or the combination of 3.5% glycerol and 3.5% DMF were equally safe choices for 
epididymal Lidia bull sperm cryopreservation, and NAC addition did not significantly improve 
sperm post-thaw quality.  
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INTRODUCTION 
 

The Lidia bovine breed or fighting 
bull is an autochthonous breed of the 
Iberian Peninsula. The cows and the sires 
are selected based upon temperament and 
aggressiveness, disregarding their 
reproductive performance. In addition, the 
descendants are not allowed to breed and 
are not tested until they reach the fighting 
ring, thus increasing the lineage inbreeding 
(Canon et al., 2008). The use of assisted 
reproductive techniques (ARTs) is 
considered as an important tool to obtain 
offspring or preserve the genetics of a 
particular bull killed during the bullfight 
(Katska-Ksiazkiewicz et al., 2006). Usually, 
bullrings are far from ART facilities and 
thus, transport and cooled storage of the 
epididymis become necessary to allow for 
sperm harvesting (Malcotti et al., 2012). 
Fortunately, epididymal sperm can be 
successfully cryopreserved and used for 
artificial insemination or in vitro production 
of embryos (Martins et al., 2007; Lopes et 
al., 2015), although the maximum 
refrigerated epididymal storage time still 
needs to be determined in the Lidia bovine 
breed. 

One of the most damaging events 
occurring during sperm refrigerated storage 
and freezing-thawing cycles is an increased 
production of reactive oxygen species 
(ROS), which overwhelms the sperm’s 
antioxidant defenses (Nichi et al., 2007). 
This oxidant/antioxidant imbalance results 
in DNA damage (Gürler et al., 2016), plasma 
membrane lipid peroxidation and 
cytoskeletal alterations (Agarwal et al., 
2014), among other injuries. Two strategies 
have been followed to partially alleviate the 
detrimental effect of ROS: a) antioxidant 
addition to freezing extenders and b) the 
use of alternative cryoprotective agents 
(CPAs) of potentially lower toxicity. 

Regarding antioxidants, a wide 
variety have been tested as supplements to 
freezing extenders (Fernández-Santos et al., 
2009a). Among them, N-Acetylcysteine 
(NAC) has demonstrated to alleviate 
glutathione (GSH) depletion and free radical 
formation during oxidative stress (Wu et al., 
2006), and has yielded satisfactory results 

in different species (Ciftci et al., 2009; Mata 
et al., 2012; Pérez et al., 2015). However,  
until now, there is only one report regarding 
NAC addition to extenders used for freezing 
Lidia bull epididymal sperm, showing that 
sperm kinematics remain unchanged after 
prolonged epididymal cooled storage 
(Matilla et al., 2017). 

Glycerol is the most commonly 
added cryoagent to bovine sperm freezing 
media (Forero et al., 2012; Almeida et al., 
2017) although it increases plasmalemmal 
permeability and induces the disruption of 
the actin cytoskeleton in equine sperm 
(Macias et al., 2012). Recently, in the horse, 
alternative cryoagents such as 
dimethylformamide (DMF) have been tested 
with great success (Alvarenga et al., 2005). 
The lower molecular weight of amides 
compared to glycerol improves sperm 
membrane permeation thus decreasing the 
pre-cooling interval (Squires et al., 2004; 
Alvarenga et al., 2005). In addition, DMF has 
been demonstrated to enhance equine 
sperm post-thaw quality when used as 
single CPA (Olaciregui et al., 2014) or 
combined with glycerol (Morillo et al., 
2012). However, the use of DMF as single 
CPA at 3% (v/v) in bull ejaculates has been 
shown to detrimentally affect sperm cells 
(Forero et al., 2012; Martins et al., 2015). 
Accordingly, this study was designed to 
evaluate the effect of glycerol alone (7%; 
v/v) or a combination of 3.5% glycerol and 
3.5% DMF (v/v/v) in presence or absence of 
N-acetylcysteine (1 mM or 2.5 mM) to the 
freezing extender of Lidia bull epididymal 
sperm stored at 4°C for 24, 48, 72 and 96 h. 
 
MATERIAL AND METHODS 
 

Reagents and media 
All the reagents were purchased 

from Sigma-Aldrich (Barcelona, Spain) 
unless otherwise stated. The base medium 
was composed of tris-fructose-citrate (TF) 
consisting of tris (250 mM), citric acid (86.9 
mM), fructose (36 mM), 1 mg/mL penicillin 
and 0.5 mg/mL gentamicine in sterile Milli-
Q water (Chaudhari et al., 2015). Base 
freezing medium was composed of TF added 
with 20% egg yolk (v/v; TFY) (van 
Wagtendonk-de Leeuw et al., 2000) and the 
following cryoprotectants: 7% glycerol (v/v; 
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referred as TFY1) or 3.5% glycerol and 
3.5% DMF (v/v; referred as TFY2). 
Furthermore, N-acetylcysteine was added to 
each extender and TFY1 or TFY2 devoid of 
NAC were considered as controls (TFY1-C 
and TFY2-C respectively). Both extenders 
were supplemented with 1 or 2.5 mM of 
NAC, resulting in three groups per freezing 
medium. 
 

Sperm harvesting and processing 
 Sperm were collected from the 
epididymis of 17 Lidia Spanish bulls aged 3-
4 years from June to September of 2016. 
Testes with attached epididymis were 
obtained post-mortem from the bulls at the 
bullring. Immediately after removal, the 
testis were placed into plastic bags in an 
isothermal box at 4ºC and shipped 
overnight to the laboratory. Once at the 
laboratory, the epididymis were separated 
from the testis, as described by Yu & Leibo 
(2002) and stored in the fridge (4ºC) prior 
processing at four time points: 24 h, 48 h,72 
h and 96 h. The connective tissue was 
carefully dissected, and the cauda 
epididymis was straightened to allow for 
flushing extender passage. A 20G needle-
attached to a 10 mL plastic syringe was used 
to flush the cauda epididymis of each bull 
using 5 mL of pre-warmed (37ºC) buffered 
TF (Chaudhari et al., 2015). Each sample 
obtained was aspirated using a Pasteur 
plastic pipette and transferred to a 15 mL 
tube. Sperm was then centrifuged at 600 × g 
for 10 min, the supernatant was discarded 
and the pellets were diluted in 1.5-2 mL of 
TF at room temperature (22-25ºC). Sperm 
concentration was determined using a 
Neubauer counting chamber. Each sample 
was divided into six groups, one per 
treatment, and then centrifuged at 600 × g 
for 10 min. The supernatant was discarded 
and the freezing medium (TFY1 or TFY2) 
was slowly added to reach a final 
concentration of 100 × 106 sperm/mL in the 
presence or absence of NAC (no addition, 1 
or 2.5 mM). Once the extender was added, 
subjective total motility was assessed; 
sperm samples with total sperm motility 
below 40% were discarded. The diluted 
semen was packed into 0.25 mL French 
straws at room temperature and closed 
using an ultrasound sealer (Ultrasound 

Welding Machine, Vitrolife, Sweden). The 
straws were placed horizontally in a rack, 
and preserved in the fridge at 4°C for 2 h; 
then, the straws were located 4 cm above 
liquid nitrogen vapors for 20 min, seeded 
and subsequently plunged into liquid 
nitrogen (Forero et al., 2012). The straws 
were stored for at least 1 month prior 
analysis. Thawing was achieved by 
immersing the straws for 1 min in a water 
bath set at 37°C. After thawing, 50 µL of 
each sample were resuspended with an 
equal volume of TF, subjected to a short spin 
(MiniSpin®, eppendorf) for 10 s, the 
supernatant was discarded and the pellet 
was resuspended in 90 µL of pre-warmed 
TF to achieve final concentration of 50 × 106 
sperm/mL. 
 

Motility assay 
 All samples were examined using a 
CASA system (ISAS®, ProiserR+D, Paterna, 
Valencia, Spain). Two microliters of sperm 
were placed in a pre-warmed motility 
chamber of 20 µm depth (Leja®, Nieuw-
Vennep, The Netherlands). Sperm motility 
was assessed with a Nikon Eclipse 50i 
microscope equipped with a ×10 negative-
phase contrast objective and a heated stage 
at 38°C. Analysis was based on the 
examination of 25 consecutive digitalized 
images obtained from 3 fields and at least 
200 sperm per sample were analyzed; total 
and progressive motility were measured 
(Amann & Waberski, 2014). 
 

Flow cytometry 
All fluorescence signals of labeled 

sperm were analyzed by flow cytometry 
(ACEA NovoCyte™; ACEA Biosciences, Inc., 
San Diego, CA, USA) using the ACEA 
NovoExpress™ software. A minimum of 
10.000 sperm were examined for each assay 
at a minimum flow rate of 300 cells/s. The 
sperm population was gated using forward 
and side scatter light signals to exclude 
debris and aggregates. The fluorophores 
were excited with a 200 mV argon ion laser 
operating at 488 nm. 
 

Mitochondrial potential status 
The metachromatic dye JC-1 

(Thermo Fisher, Madrid, Spain) 
differentiates between mitochondria with 
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high and low mitochondrial membrane 
potential (MMP). When MMP is high 
(hMMP), the JC-1 molecules form aggregates 
that emit in the orange wavelength while JC-
l monomers emitting green fluorescence are 
detected when the MMP is low (Garner & 
Thomas, 1999). From each sperm sample, 5 
µL were diluted in 245 µL of isotonic 
buffered diluent (PBS) containing 0.9 µM of 
JC-1 and was incubated at 38°C for 30 min 
prior evaluation. 
 

Acrosomal status 
The sperm acrosomal status was 

assessed using peanut agglutinin conjugated 
with fluorescein thiocyanate PNA-FITC as a 
marker for acrosomal integrity and 
propidium iode for viability (PI, component 
B of sperm viability kit, Thermofisher, 
Madrid, Spain). Aliquots of 5 µL of each 
sperm sample (100 × 106 cells/mL) were 
incubated at 38ºC in the dark for 5 min with 
1 µg/mL PNA-FITC and 6 µM PI in 45 µL of 
isotonic buffered diluent. Then, 200 μL of 
isotonic buffered diluent were added to 
each sample and mixed before flow 
cytometry analysis (Hurtado de Llera et al., 
2013). 
 

Reactive oxygen species 
production 

The cell-permeant 2',7'-
dichlorodihydrofluorescein diacetate or 
H2DCFDA (Thermo Fisher, Madrid, Spain) is 
a non-fluorescent probe that becomes de-
esterified intracellularly and turns into 
highly fluorescent 2´,7´-dichorofluoresecein 
upon oxidation by ROS; cell viability was 
simultaneously assessed by detection of 
fluorescence of the non-permeant probe PI. 
The protocol used is a modification of the 
one described by Macias et al. (2015). In 
brief, aliquots of 5 µL of each semen sample 
(100 x 106 cells/mL) were diluted in 245 µL 
of isotonic buffered diluent and incubated 
for 30 min with 20 µM of H2DCFDA. In the 
last 2 min, PI was added (final 
concentration, 6 µM). Results represent the 
percentage of living cells producing ROS. 
 

Sperm chromatin status 
The SCSA technique (Evenson et al., 

2002) is based on the metachromatic stain 
acridine orange; this probe exhibits green 

fluorescence when combined with double-
stranded DNA, and red when combined with 
single-stranded DNA (denatured). Sperm 
were diluted in TNE buffer (0.15 M NaCl, 
0.01 M TrisHCl, 1 mM EDTA; pH 7.4) to 
reach a final concentration of 2-4 × 106 
sperm/mL). Samples were flash frozen in 
LN2 and stored at -80°C until analysis. For 
the analysis, the samples were thawed on 
crushed ice and 200 µL were transferred to 
a cytometry tube. Then, 400 µL of an acid 
detergent solution consisting of 80 mM HCl, 
0.15 M NaCl and 0.1% Triton X-100 at a 1.2 
pH were added. Exactly, 30 s after the acid-
detergent solution addition, 1.2 mL of 
staining solution were added (6 µg/mL of 
acridine orange chromatographically 
purified (Polysciences, Warrington, PA, 
USA) in a buffer containing 37 mM citric 
acid, 126 mM Na2HPO4, 1.1 mM disodium 
EDTA and 150 mM NaCl; pH 6). Sample 
acquisition was carried out with the 
CellQuestv.3 software (Becton Dickinson, 
Franklin Lakes, NJ, USA). Flow cytometry 
data (FCS files) were processed by using the 
R statistical environment with the 
Bioconductor flow Core package. The DNA 
fragmentation index (DFI) was calculated 
for each spermatozoon as the ratio of red 
fluorescence with respect to total 
fluorescence (red + green) and expressed as 
a percentage. The percentage of sperm with 
high fragmentation index (%DFI) was 
calculated as the percentage events with 
DFI>25%. The high DNA stainability index 
(HDS) was obtained as the percentage of 
sperm with green fluorescence intensity 
above channel 600 (0–1023 channels). 
 

Statistical analysis 
Data were tested for normality using 

a Shapiro–Wilk test and the obtained results 
are represented as mean ± standard error of 
the mean (SEM). Groups were compared 
using an ANOVA on ranks due to their non-
Gaussian distribution. When statistically 
significant differences were found, a Dunn’s 
post-hoc test was used to compare groups. 
All statistical analyses were performed 
using Sigma Plot software version 12.3 for 
Windows (Systat Software, Chicago, IL, 
USA). Differences among values were 
considered as statistically significant when 
p<0.05. 
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RESULTS 
 

Total and progressive motility 
analysis 

An apparent decrease in total 
motility was observed after prolonged 
storage. Statistically significant differences 
were observed in progressive motility 
between TFY1-C at 24 h and TFY1-C at 96 h 
(16.2 ± 0.6 vs. 2.8 ± 0.4; mean % ± SEM; 
p<0.05). Although, values obtained for total 
motility did not vary significantly between 
TFY1-C at 24 h and TFY2-C at 96 h (33.1 ± 
1.4 vs. 15.3 ± 2.2; mean % ± SEM). 
Additionally, NAC addition or the use of 
glycerol or the combination of glycerol and 
DMF did not significantly affect total or 
progressive motility. No statistically 
significant differences were found for the 
total motility parameter in any of the groups 
tested (Table 1; p>0.05).  
 

Determination of the percentage 
of live cells producing ROS 

Our data showed an apparent 
increase in the percentage of live sperm 
producing ROS when TFY2-C was used 
compared to TFY1-C at 24, 48, 72 and 96 h. 
In addition, a tendency for ROS production 
alleviation was observed when TFY2 was 
supplemented with NAC either at 1 mM or 
2.5 mM at any time point studied (Table 1), 
although the values obtained did not vary 
significantly. Nevertheless, statistically 
significant differences in the percentage of 
live cells producing ROS were not found 
between groups disregarding the length of 
the epididymal storage, freezing medium 
used and/or NAC addition (p>0.05; Table1). 
 

Determination of sperm with high 
mitochondrial membrane potential  

Our data showed that storage time 
of the epididymis, freezing media or NAC 
addition did not significantly affect the 
percentage of sperm with high 
mitochondrial membrane potential (p>0.05; 
Table 1) which ranged between 33.5% ± 1.0 
for TFY2-2.5 mM at 72 h (mean ± SEM; 
minimum value) to 52.2% ± 1.81 for TFY1-C 
at 48 h (mean ± SEM; maximum value).  
 

Determination of the sperm 
viability and acrosomal integrity  

Our data showed that sperm 
viability and acrosomal intactness was 
maintained despite prolonged epididymal 
cooled storage, varying freezing medium or 
NAC addition. No statistically significant 
differences were observed between groups 
(Table 2; p>0.05). 
 

Determination of sperm 
chromatin status 

The percentage of sperm showing 
DNA fragmentation (%DFI) or high DNA 
stainability (%HDS) did not significantly 
vary despite NAC addition, freezing 
extender used or prolonged refrigerated 
epididymal storage (Table 2; p>0.05); DFI 
was below 2.2% and HDS remained below 
5.7% for all cases, indicating good 
chromatin status. 
 

Discussion 
Sperm recovery from the cauda 

epididymis for subsequent cryopreservation 
is the most practical method to obtain and 
store semen from Lidia bulls due to their 
risky field handling. However, glycerol 
concentrations currently added to bovine 
freezing extenders vary from 3% to 7% 
depending on the research laboratory 
(Chaveiro et al., 2006; Fernández-Santos et 
al., 2009a), and marked differences in 
sperm tolerance to glycerol has been 
demonstrated between breeds of the same 
species (i.e. goats and turkeys) (Kulaksiz et 
al., 2013; Long et al., 2014). Moreover, 
glycerol and DMF have also been shown to 
detrimentally affect sperm motility, viability 
and mitochondrial status of bull and stallion 
semen when used as single CPA (Alvarenga 
et al., 2005; Forero et al., 2012). Therefore, 
in our study the alternative cryoprotectant 
DMF combined with glycerol was tested, as 
this CPA mixture has yielded promising 
results in the equine species (Álvarez et al., 
2014). Our data demonstrate that total and 
progressive sperm motility, viability, 
mitochondrial membrane potential, ROS 
production, DNA status and acrosomal 
intactness of Lidia bull sperm post-thaw are 
well maintained in TFY medium added 
either with 7% glycerol or the combination 
of 3.5% glycerol and 3.5% DMF for up to 96 
h post-mortem (Tables 1 and 2; p>0.05). 
Coinciding with previous observations in 
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boar, our work demonstrates that, in Lidia 
bull, the combination of DMF and glycerol is 
not better than glycerol alone for 
epididymal sperm cryopreservation (Malo 
et al., 2012). However, the combination of 
DMF and glycerol seems to effectively 
decrease the toxic effect of the latter, as 
DMF alone at 3% or 5% (v/v) significantly 
impairs motility, mitochondrial function and 
acrosomal intactness of bull sperm (Forero 
et al., 2012). However, it has to be 
mentioned that the percentage of live sperm 
producing ROS was higher and the hMMP 
was lower when the combination of 3.5% 
glycerol and 3.5% DMF was used compared 
to glycerol alone (Table 1). Thus, as the use 
of a single CPA agent facilitates the 
preparation of freezing extenders, glycerol 
seems to be the cryoagent of election for 
Lidia bull sperm.  

Even when total motility decreased 
during prolonged storage and a similar 
pattern was followed by progressive 
motility (Table 1), no statistically significant 
differences were found between treatments 
except for PM of sperm frozen in TFY1-C at 
24 h and 96 h (Table 1). This lack of 
significance can be explained due to the high 
individual variability existing between bulls 
and their sperm tolerance for the cooling 
and freezing-thawing cycles (Posado et al., 
2008). A recent report by Nichi et al. (2016) 
established that total motility of post-thaw 
epididymal sperm from Charolais, Limousin 
and Belgian Blue bovine breeds after 2-3 h 
of refrigerated storage was 16.2% ± 4.3, 
which is comparable to the results obtained 
in the present study after 96 h (Table 1), 
highlight the fact that Lidia bull tolerance 
for prolonged epididymal cooled storage is 
substantial as previously shown in other 
species of ruminants (Fernández-Santos et 
al., 2009b).  

In addition, the percentage of viable 
sperm was well maintained in our setting 
disregarding the freezing medium used or 
storage time (over 44.5 %, see Table 2). 
These results coincide with previous 
reports in which viability after freezing-
thawing decreased approximately to 50% in 
bovine sperm (Gürler et al., 2016; Nichi et 
al., 2016) and validates our freezing media 
and cooling/freezing protocols as suitable 

for routine Lidia bull epididymal storage 
and sperm cryopreservation. 

Interestingly, despite the fact that 
total and progressive motility were lower 
after 96 h, the percentage of sperm with 
high mitochondrial membrane potential 
remained unchanged for all treatments 
(Table 1). Numerous studies have shown 
that the number of viable sperm with hMMP 
are significantly related to field fertility in 
buffalo (Minervini et al., 2013), human 
(Marchetti et al., 2002) and ram (Windsor, 
1997), and thus, the fertility of Lidia bull 
epididymal sperm may be well preserved 
along the 96 h cooling period. In human and 
equine sperm, high mitochondrial potential 
and membrane integrity have also been 
positively correlated with sperm motility 
(Agnihotri et al., 2016; Swegen et al., 2016). 
However, in view of our results and 
previously published reports in bovine 
(Rocha et al., 2006), this correlation needs 
to be more deeply studied in Lidia bulls.  

Very few reports have been 
published in the post-thaw quality of Lidia 
bull breed, although Guijarro et al. (2014) 
described that in epididymal Lidia bull 
sperm cooled for 24 h, the percentage of 
PNA-/PI- subpopulation after thawing with 
Bioxcell® or Biladyl® was 58.0% ± 1.0 and 
67.0% ± 1.0 respectively. This apparent 
divergence in sperm viability compared to 
the results obtained in the present work can 
be explained in part because sperm viability 
post-thaw depends on a wide variety of 
factors such as the pre-freezing sperm 
quality, cryopreservation medium and also 
on the individual male sperm freezability 
(Takahashi et al., 2012). As previously 
stated, our study is amongst the first flow 
cytometry analysis of Lidia bull sperm, and 
therefore, there are not substantial 
reference values to compare with.  

The last experiments of our work 
tried to determine if increased epididymal 
storage and sperm cryopreservation 
rendered a higher oxidative burst that could 
result in enhanced ROS production and DNA 
damage (Chatterjee & Gagnon, 2001). 
Theoretically, oxidative damage is increased 
in epididymal sperm, since they are not 
exposed to the accessory sex glands 
secretions (seminal plasma) (Chen et al., 
2003). Supporting this theory, Martínez-
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Pastor et al. (2006) demonstrated that 
epididymal sperm post-thaw quality can be 
substantially increased when seminal 
plasma is added to deer samples prior 
freezing. As Lidia bull seminal plasma 
cannot be easily obtained, antioxidant 
addition was tried to partially alleviate the 
oxidative burst. NAC antioxidant properties 
have been shown to exert a beneficial effect 
on fresh human sperm incubated at room 
temperature (Oeda et al., 1997), and also on 
refrigerated and cryopreserved sperm of 
different species including cattle (Bilodeau 
et al., 2001; Partyka et al., 2013; Pérez et al., 
2015). Our results show that the percentage 
of live cells producing ROS were higher 
when the freezing extender included the 
combination of 3.5% glycerol and 3.5% DMF 
(Table 1), although the differences found 
were not significant. Also, we found a 
decrease in ROS production when NAC was 
added to TYF2. On the other hand, ROS 
imbalance and sperm cryopreservation have 
been shown to detrimentally affect the DNA 
intactness in bovine sperm (Gürler et al., 
2016). Our results did not show any 
significant increase in DNA damage as total 
DNA fragmentation remained under 2% and 
HDS was below 5.7 % for all treatments, 
coinciding with previous reports (Martínez-
Pastor et al., 2009). Interestingly, DFI below 
10% have been related to high fertility 
status in humans and bulls (Evenson & 
Wixon, 2006; Waterhouse et al., 2006), 
suggesting that epididymal Lidia bull sperm 
fertility is maintained despite prolonged 
storage.  

In conclusion, our study 
demonstrates for the first time that Lidia 
bull epididymis can be refrigerated at 4ºC 
up to 96 h prior cryopreservation and that 
prolonged storage does not impair sperm 
quality. Furthermore, glycerol alone (7%) or 
the combination of glycerol and 
dimethylformamide (3.5% v/v each) added 
to TFY are equally safe choices as 
cryoprotective agents in Lidia bull sperm. N-
acetylcysteine addition to sperm freezing 
extenders does not affect post-thaw sperm 
quality in Lidia bulls. More studies are 
needed to elucidate the in vitro and in vivo 
fertility of frozen Lidia bull epididymal 
sperm and to test if other antioxidants, CPAs 
or other combinations of 

dimethylformamide and glycerol help to 
increase its post-thaw quality. 
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Table 1. Total and progressive motility, percentage of living cells producing ROS and percentage 
of sperm depicting high mitochondrial membrane potential of thawed Lidia bull sperm from 
epididymis stored at 4°C at different time points prior cryopreservation.  
 

Storage time 

4ºC 

Freezing 

medium1 
n TM (%)2 PM (%)3 

% Living cells 

ROS+4 
hMMP(%)5 

24 hours 

TFY1-C 4 33.1 ± 1.4 16.2 ± 0.6a 16.5 ± 0.9 40.6 ± 1.3 

TFY1-1mM 4 29.3 ± 3.8 12.6 ± 1.9 16.2 ± 1.4 37.0 ± 4.8 

TFY1-2.5 mM 4 29.1 ± 0.8 12.9 ± 0.9 16.0 ± 1.4 34.7 ± 2.0 

TFY2-C 4 26.1 ± 2.8 10.5 ± 1.8 28.4 ± 2.8 34.4 ± 2.3 

TFY2-1mM 4 34.6 ± 1.6 18.3 ± 2.6 19.9 ± 2.5 37.0 ± 3.9 

TFY2-2.5 mM 4 33.4 ± 2.1 17.0 ± 2.8 18.2 ± 1.8 34.4 ± 2.6 

48 hours 

TFY1-C 5 21.7 ±1.6 6.4 ± 1.0 11.4 ± 1.7 52.2 ± 1.8 

TFY1-1mM 5 21.1 ± 2.1 5.9 ± 0.6 11.9 ± 1.1 45.0 ± 2.3 

TFY1-2.5 mM 5 19.6 ± 0.9 6.7 ± 0.7 13.6 ± 1.3 44.4 ± 2.4 

TFY2-C 5 19.5 ± 1.1 5.8 ± 0.7 17.4 ± 1.2 43.0 ± 2.6 

TFY2-1mM 5 19.6 ± 1.5 5.1 ± 0.8 10.2 ± 3.3 38.6 ± 3.3 

TFY2-2.5 mM 5 19.8 ± 0.8 5.1 ± 0.9 14.0 ± 3.0 40.5 ± 1.5 

72 hours 

TFY1-C 5 21.0 ± 1.4 7.3 ± 1.0 21.9 ± 3.5 38.6 ± 0.8 

TFY1-1mM 5 23.5 ± 1.8 7.1 ± 0.3 16.2 ± 1.7 40.9 ± 1.8 

TFY1-2.5 mM 5 25.4 ± 1.5 9.1 ± 0.9 18.6 ± 1.4 40.4 ± 1.2 

TFY2-C 5 24.3 ± 1.5 7.3 ± 0.8 29.1 ± 2.5 34.5 ± 1.5 

TFY2-1mM 5 24.8 ± 2.2 7.1 ± 0.6 24.0 ± 2.1 34.7 ± 1.0 

TFY2-2.5 mM 5 24.3 ± 0.5 6.4 ± 0.6 18.7 ± 3.0 33.5 ± 1.0 

96 hours 

TFY1-C 3 12.1 ± 0.4 2.8 ± 0.4b 24.0 ± 1.3 42.8 ± 1.0 

TFY1-1mM 3 15.1 ± 1.8 2.2 ± 0.5 24.9 ± 4.5 40.9 ± 1.9 

TFY1-2.5 mM 3 16.2 ± 2.8 3.5 ± 0.5 22.8 ± 3.4 46.8 ± 1.8 

TFY2-C 3 15.3 ± 2.2 2.5 ± 0.5 34.9 ± 3.4 41.5 ± 0.7 

TFY2-1mM 3 17.2 ± 2.1 4.0 ± 0.7 30.6 ± 2.9 38.7 ± 0.6 

TFY2-2.5 mM 3 19.2 ± 1.1 4.1 ± 0.4 27.8 ± 5.1 40.0 ± 2.3 

 

1 Cryopreservation media were supplemented with varying doses of NAC (0, 1 and 2.5 mM). TFY-1: TFY with 7% glycerol, TFY-2: TFY 

with 3.5% glycerol and 3.5% dimethylformamide (v/v). 2 TM: total motility. 3 PM: progressively motility 4 % Living cells ROS+: percentage 

of live cells producing ROS. 5hMMP: percentage of high mitochondrial membrane potential. a,b Values between TFY1-C at 24 h and TFY1-C 
at 96 h differ statistically (p <0.05). All groups were compared between them. 
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Table 2. Simultaneous determination of viability, live acrosome-intact sperm and DNA 
fragmentation of thawed Lidia bull sperm from epididymis stored at 4°C at different time points 
prior cryopreservation. 
 

Storage time 4ºC Freezing medium1 n PNA+/PI-2 Viability3 TDFI (%)4 HDS (%)5 

24 hours 

TFY1-C 4 3.1 ± 4.0 50.8 ± 1.9 0.8 ± 0.1 4.5 ± 02 

TFY1-1mM 4 3.9 ± 5.0 44.5 ± 3.5 0.9 ± 0.1 5.1 ± 0.2 

TFY1-2.5 mM 4 3.5 ± 0.5 45.4 ± 3.0 1.0 ± 0.3 4.1 ± 0.4 

TFY2-C 4 6.1 ± 1.1 52.6 ± 1.6 0.8 ± 0.1 4.3 ± 0.2 

TFY2-1mM 4 4.3 ± 0.3 56.3 ± 1.7 1.2 ± 0.3 5.1 ± 0.2 

TFY2-2.5 mM 4 3.2 ± 0.5 53.3 ± 3.1 0.6 ± 0.1 5.1 ± 0.4 

48 hours 

TFY1-C 5 3.0 ± 0.1 52.5 ± 2.9 1.5 ± 0.2 4.9 ± 0.2 

TFY1-1mM 5 2.9 ± 0.2 47.9 ± 2.8 1.4 ± 0.1 5.6 ± 0.5 

TFY1-2.5 mM 5 2.9 ± 0.4 46.2 ± 1.9 1.6 ± 0.2 5.5 ± 0.2 

TFY2-C 5 3.4 ± 0.1 49.1 ± 2.6 1.0 ± 0.1 5.6 ± 0.2 

TFY2-1mM 5 3.9 ± 0.9 45.1 ± 1.5 1.4 ± 0.1 5.1 ± 0.4 

TFY2-2.5 mM 5 2.5 ± 0.5 46.0 ± 2.4 1.5 ± 0.1 5.6 ± 0.2 

72 hours 

TFY1-C 5 2.0 ± 0.2 51.6 ± 3.1 1.5 ± 0.1 3.4 ± 0.2 

TFY1-1mM 5 1.8 ± 0.3 49.3 ± 2.0 2.1 ± 0.3 3.3 ± 0.2 

TFY1-2.5 mM 5 1.4 ± 0.2 53.2 ± 2.0 1.7 ± 0.0 3.3 ± 0.2 

TFY2-C 5 2.3 ± 0.3 56.6 ± 1.1 1.6 ± 0.2 3.4 ± 0.1 

TFY2-1mM 5 2.6 ± 0.3 55.8 ± 0.7 1.5 ± 0.2 3.3 ± 0.2 

TFY2-2.5 mM 5 1.8 ± 0.2 58.9 ± 2.0 1.7 ± 0.1 3.6 ± 0.2 

96 hours 

TFY1-C 3 10.2 ± 1.5 52.4 ± 0.8 1.4 ± 0.1 3.0 ± 0.1 

TFY1-1mM 3 11.4 ± 1.2 53.6 ± 1.4 0.9 ± 0.1 2.9 ± 0.4 

TFY1-2.5 mM 3 8.5 ± 1.9 55.7 ± 1.4 1.4 ± 0.3 3.0 ± 0.4 

TFY2-C 3 13.9 ± 0.4 56.1 ± 1.8 1.1 ± 0.1 2.7 ± 0.2 

TFY2-1mM 3 12.1 ± 1.1 57.7 ± 1.9 1.1 ± 0.3 3.2 ± 0.5 

TFY2-2.5 mM 3 9.9 ± 2.5 59.7 ± 1.6 1.3 ± 0.2 3.5 ± 0.8 

 

1 Cryopreservation media were supplemented with varying doses of NAC (0, 1 and 2.5 mM). TFY-1: TFY with 7% glycerol, TFY-2: TFY 

with 3.5% glycerol and 3.5% dimethylformamide (v/v). 2 PI-/PNA+: live sperm with intact acrosome 
3Viability: sperm viability was extracted from the sum the PI-. 4TDFI (%): percentage of total DNA fragmentation index.5HDS (%): 

percentage of immature sperm with intact DNA. All groups were compared between them. Values do not differ statistically (p >0.05).  
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Vitrification is the best method for embryo 

cryopreservation although it increases 

endogenous reactive oxygen species (ROS) 

production. As N-acetylcysteine (NAC) is a 

free radical scavenger, the aim of this study 

was to investigate if its addition to fresh or 

vitrified and warmed 2-cell embryos at 

different time points or during the entire 

culture improves their developmental 

competence or the cell number at the 

blastocyst stage. Thus, 2-cell embryos were 

obtained in vivo or by in vitro fertilization 

(IVF), and were vitrified or cultured fresh 

in presence or absence of 1 mM of NAC 

during: a) the entire embryo culture, b) for 

24 hours with NAC at days 1.5 (G1) or 2.5 

(G2) and returned to basal embryo culture 

(KSOM) or c) cultured in the presence of 

NAC for 12 hours at day 3.5 (G3). Despite 

NAC addition to fresh or vitrified embryos 

produced in vivo or by IVF, blastocyst rates 

remained unchanged. In vitrified-warmed 

IVF-derived embryos, total cell number 

significantly increased only when NAC was 

added at day 1.5 (61.1 ± 1.6 vs.  49.8 ± 3.1 

for G1 and control respectively; mean cell 

number ± SEM, p < 0.05) while in vitrified 

in utero-derived embryos a significant 

increase was observed for G1 and G2 vs. 

control (57.3 ± 2.0 and 58.8 ± 1.5 vs. 51.9 ± 

1.1 respectively; mean cell number ± SEM,  

p < 0.05). Hence, supplementation of the 

embryo culture medium with 1 mM of 

NAC in the first days of development 

improves blastocyst quality of murine 

embryos.  

 

INTRODUCTION 

 

Embryo cryopreservation is an assisted 

reproductive technology that has been 

extensively used in conservation programs 

and livestock species [25, 26]. Vitrification 

is the safest and most rapid method for 

embryo cryopreservation as it avoids the 

formation of intracellular and  

extracellular ice crystals [130, 131]. This 

method consists on the solidification of the 

cell components at low temperatures 

reaching an amorphous-ice state by 

combining: a) extremely rapid cooling rates 

(over 1000ºC/min) and b) high 

concentrations of permeable 

cryoprotectants (typically ethylene glycol or 

EG and dimethyl sulfoxide or DMSO) and 

an non-permeable cryoprotectants agents (a 

carbohydrate) [132]. This method expedites 

the freezing process reducing the exposure 

to the toxic effect of the cryoprotectants 

[133] although embryo survival and the 

subsequent development is lower than in 

fresh embryos [36, 134]. It has been 

previously shown that cryopreservation 
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causes alterations in the embryos by 

affecting the integrity of the cell membrane 

and cytoskeleton, inducing mitochondrial 

depolarization and increasing the 

production of reactive oxygen species 

(ROS) [135, 136]. Among these insults, 

oxidative stress derived from mitochondrial 

damage is known to trigger the apoptotic 

cascade leading to a decrease in the survival 

rate and developmental competence of 

embryos after thawing [69, 137]. 

Additionally, in vitro culture of mammalian 

embryos, further enhances free radical 

production overwhelming the embryos’ 

endogenous antioxidant capacity [138], 

being especially notable in vitrified 

embryos. For this reason antioxidant 

addition to the embryo culture medium has 

been tried and has shown to improve 

gamete quality and embryo development 

[108]. N-acetylcysteine (NAC) is a potent 

free radical scavenger that can be 

considered as a supplement to alleviate 

glutathione (GSH) depletion and free 

radical formation during oxidative stress in 

mice [108]. GSH is one of the major non-

enzymatic antioxidants present in oocytes 

and embryos and is essential for formation, 

maintenance and protection against 

oxidative stress [139]. 

Thus, the aim of our study was to 

investigate the impact of N-acetylcysteine 

addition to murine embryos after 

vitrification. Two cell embryos were 

recovered in vivo or after in vitro 

fertilization (IVF), vitrified and incubated 

for 24 hours with 1 mM of NAC during 

different time points (day 1.5, day 2.5 or 

day 3.5) or during the entire culture to the 

blastocyst stage; total cell number and the 

percentage of embryos reaching the 

expanded blastocyst stage were assessed. 

  

MATERIAL AND METHODS 

 

Reagents 

 

Unless otherwise stated, all the reagents 

were purchased from Sigma-Aldrich 

(Barcelona, Spain). 

Animals and superovulation protocol 

 

All the experimental procedures were 

reviewed and approved by the Ethical 

Committee of the Junta de Extremadura 

(Spain; Ref. SBC/mbr). B6D2F1/J mice 

were housed under a 12 h light/12 h dark 

cycles at a controlled temperature (19-

23ºC) with free access to food and water. 

Females were intraperitoneally (IP) injected 

with 8 IU of equine chorionic gonadotropin 

(eCG, Veterin Corion, Divasa Farmavic) 

followed 47 h later by 8 IU of IP human 

chorionic gonadotropin (hCG, Foligon, 

MSD) to trigger ovulation.  

 

In Vitro Fertilization 

 

Male B6D2F1/J mice aged 8-12 weeks 

were euthanized by cervical dislocation and 

ventrally dissected to remove the cauda 

epididymis. Once located, the epididymis 

and attached vas deferens were sectioned 

and transferred to a Petri dish containing 

500 µl of pre-equilibrated human tubal fluid 

(HTF; at 37°C in a 5% CO2/ 95% air 

atmosphere at 100% humidity) covered 

with mineral oil. Sperm were obtained by 

gently pressing the cauda epididymis 

through the vas deferens and were allowed 

to capacitate for 45 minutes at 37°C in a 5% 

CO2/ 95% air atmosphere at 100% 

humidity. At the end of the incubation, 

sperm concentration was measured using a 

Makler chamber (Sefi-Medical instruments 

LTD, CA, USA). Cumulus-oocyte 

complexes (COCs) were recovered from 

oviducts following female euthanasia and 

placed in 500 µl of pre-equilibrated HTF 

covered with mineral oil; COCs were 

inseminated using 2 x 10
6
 sperm/ml and 

were co-incubated for 6 hours and then 

transferred to equilibrated potassium-

supplemented simplex optimization 

medium (KSOM). The day at which IVF 

was performed was considered as day 0. 

The next morning, cleaved embryos were 

retrieved and allocated to an experimental 

group as described in the experimental 

design section. 

  

In vivo embryo recovery 

 

Female mice were hormonally stimulated to 

trigger ovulation as previously described; 

after hCG injection, females were paired 

with B6D2 males in a 1:1 ratio. After 24 

hours, females were sacrificed by cervical 

dislocation and the embryos were collected 

from the oviducts; these 2-cell embryos 
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were allocated into an experimental group 

(see experimental design section).  

 

Vitrification and warming 

 

In vivo and in vitro produced two cell 

embryos were equilibrated in M2 medium 

added with 7.5% of DMSO (v/v), 7.5% 

ethylene glycol (v/v) and 20% (v/v) fetal 

bovine serum (FBS) for 3 min. Afterwards, 

the embryos were transferred to a 

vitrification solution consisting of M2 

supplemented with 20% FBS added with 

15% ethylene glycol (v/v), 15% DMSO 

(v/v) and 0.5 M sucrose for 1 minute. An 

average of 15 embryos were loaded in 0.25 

ml French straws (IMV, L’Aigle, France) at 

room temperature and sealed by ultrasounds 

(Superultrasonic Co, Taiwan). After that, 

the straws were plunged into liquid nitrogen 

and stored for at least 7 days. Embryos 

were warmed at 37ºC for 3-4 minutes in M2 

medium added with 0.5 M sucrose and 20% 

FBS (v/v) and washed in M2 medium drops 

for further 3 minutes. 

 

Experimental design 

 

Fresh or vitrified-warmed in vivo and in 

vitro produced two cell embryos (1.5 days 

of development) were separately allocated 

to one of the following experimental 

groups:  

Control: embryos were cultured in KSOM 

to the blastocyst stage; G1: embryos were 

cultured for 24 hours in KSOM 

supplemented with 1 mM NAC (day 1.5 to 

2.5), after this incubation embryos were 

transferred to KSOM until day 4; G2: 

embryos were cultured in KSOM, 

transferred for 24 hours to KSOM 

supplemented with 1 mM NAC (day 2.5 to 

3.5), and returned to KSOM until day 4; 

G3: embryos were cultured in KSOM for 

12 hours supplemented with 1 mM NAC 

(day 3.5 to 4); C-NAC: embryos were 

cultured in KSOM supplemented with 1 

mM NAC to the blastocyst stage. The 

number of embryos reaching the blastocyst 

stage was recorded visually by a 

stereomicroscope. All the embryos were 

moved to a new droplet of their 

corresponding medium each day, including 

the embryos included in the control and the 

continuous NAC culture groups. 

 

Total cell number 

 

The number of cells in an embryo is the 

most critical indicator of embryo quality 

[140]. Therefore, in view of the previous 

data, expanded blastocysts were fixed in 

4% formaldehyde in PBS added with 0.01% 

of polyvinyl alcohol (PVA; w/v) at 4ºC for 

12 hours and stained with 2.5µg/ml of 

Hoechst 33258 (Eugene, OR, USA) in PBS 

added with PVA for 10 minutes at 37ºC. 

Then, the blastocysts were mounted on 

glass slides with glycerol, covered with 

coverslips and sealed using nail polish. The 

embryos were then visualized using a 

fluorescence microscope (Nikon Elipse 

TE2000-S) equipped with an ultraviolet 

lamp. Cell number was analyzed using the 

Fiji Image-J Software (1.45q, Wayne 

Rasband, NIH, USA). 

 

Statistical analysis 

Data were tested for normality using a 

Shapiro–Wilk test; the results are reported 

as mean ± standard error of the mean 

(SEM). Treatment groups were compared 

using ANOVA on ranks due to their non-

Gaussian distribution. Between groups, all 

pair wise comparisons were made using a 

Holm-Sidak post-hoc test. All statistical 

analyses were performed using Sigma Plot 

software version 12.3 for Windows (Systat 

Software, Chicago, IL, USA). Differences 

among values were considered as 

statistically significant when p < 0.05.  

 

RESULTS 

 

Embryo development 

  

No significant differences were found 

between treatments in the development to 

the blastocyst stage (p > 0.05; Table 1). 

Additionally, homologous treatments 

between groups (control, G1, G2, G3 or C-

NAC) were compared but statistically 

significant differences were not found (p > 

0.05). 

 

Total cell number determination 
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No significant differences were found 

between groups in fresh in utero retrieved 

embryos despite NAC addition (p > 0.05; 

Table 2). However, when in utero-derived 

embryos were vitrified and warmed, 

significant differences were found when 

embryo culture medium was supplemented 

with NAC in G1 (58.8 ± 1.5; mean cell 

number ± SEM) and G2 (57.3 ± 2.0; mean 

cell number ± SEM) compared to control 

(51.9 ± 1.1; mean cell number ± SEM, p < 

0.05; Table 2) and also between G1 and G2 

compared to C-NAC. Addition of NAC to 

fresh IVF derived embryos did not 

significantly affect total cell number (p > 

0.05; Table 2). Conversely, when IVF 

derived embryos were vitrified and 

warmed, NAC addition at day 1.5 increased 

the blastomere number in G1 (61.6 ± 1.6; 

mean cell number ± SEM) compared to 

control and day 3.5 of embryo development 

(49.8 ± 3.1 and 50 ± 2.9; mean cell number 

± SEM, control and G3 respectively; p < 

0.05, Table 2 and Figure 1). 

 

DISCUSSION 

 

Embryo vitrification is an important 

hallmark of the assisted reproductive 

technology industry. The murine model has 

been extensively used to test and develop 

vitrification protocols due to its high 

capacity to withstand the process. However, 

depending upon the developmental stage, 

their tolerance to vitrification notably varies 

[141]. For example, it has been described 

that vitrified 2-cell embryos exhibit a 

similar survival rate after warming 

compared to 4-cell, 8-cell, morulae and 

blastocysts, although their development to 

the blastocyst stage is significantly lower 

compared to vitrified-warmed embryos at 

the 8-cell stage [141, 142]. This difference 

has been attributed to a lower 

cryoprotectant permeability of the zona 

pellucida at the earlier embryo stages and to 

increased ROS production after 

vitrification, being this stage the less 

suitable for cryopreservation [59, 143]. 

Thus, in our setting, vitrified 2-cell 

embryos produced in vivo and in vitro were 

used to study the effect of NAC 

supplementation during the entire culture or 

at different time points. In our setting no 

statistically significantly differences were 

observed in the developmental competence 

of the 2-cell embryos despite NAC 

addition, in vitro or in vivo embryo 

production and/or cryopreservation (Table 

1; p > 0.05); additionally our results also 

demonstrate that 1 mM of NAC does not 

induce a toxic effect on embryos, even 

when NAC is present during their entire 

culture to the expanded blastocyst stage.  

However, it has to be mentioned the high 

development to the expanded blastocyst 

stage obtained after embryo vitrification in 

our setting (82.9 ± 3 and 84.4 ± 2.1; 

blastocyst rate for vitrified-warmed in vivo 

vs. IVF produced embryos respectively; 

Table 1). Previous works have reported up 

to 69.4% blastocyst rates after in utero 

retrieved 2-cell embryo vitrification using 

the Cryotop method [141, 142] or a 97.3% 

blastocyst rate when the embryos were 

produced by IVF and vitrified using the 

Kitasato System [144]. Although the mouse 

strain used and the vitrification protocol 

(close in our setting vs. open in the 

mentioned reports) might influence the 

results obtained, our results suggest that in 

vivo and in vitro produced 2-cell embryos 

similarly withstand vitrification when a 

closed system is used. 

As similar blastocyst rates were found 

among groups, we decided to compare the 

number of blastomeres between groups, as 

it has been shown to be a reliable indicator 

of embryonic quality [145, 146]. 

Coinciding with our findings it has been 

reported that the mean cell number in 

mouse blastocysts recovered from uterus is 

74.5 ± 2.3 [147] and that total cell number 

significantly drops in IVF-derived embryos 

[148]. The lower cell number of in vitro-

derived embryos has been linked to a higher 

cell death compared to in utero-derived 

embryos [149] and to an enhanced ROS 

production occurring during in vitro 

embryo production [150].  

However, in our settings, even when NAC 

was added during the entire embryo culture, 

no statistically significant differences in the 

total cell number were found in fresh or 
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vitrified embryos disregarding their source 

(in vitro or in utero; Table 1). Similar 

findings have been described in vitrified in 

vitro-derived porcine embryos in which 

addition of L-ascorbic acid to the embryo 

culture medium ameliorated ROS 

production but did not result in enhanced 

total cell number [151]. The results by 

Castillo-Martín et al. (2014) and our own 

results suggest that, antioxidants added 

during the entire embryo culture can exert 

effective ROS scavenging that is not 

reflected by an enhanced total cell count in 

the resulting embryos. Interestingly, 

addition of 1 mM of NAC to the embryo 

culture at the different time points tested 

(day 1.5, 2.5, 3.5 or the entire embryo 

culture) to vitrified-warmed 2-cell embryos 

produced in vitro or in vivo exerted 

different effects. The total cell number of 

the in utero-derived embryos significantly 

increased when NAC was added at days 1.5 

or 2.5 compared to the control or 

continuous NAC addition (Table 2 and 

Figure 1). Conversely, in vitrified-warmed 

in vitro-derived embryos total cell number 

significantly increased only at day 1.5 (G1) 

compared to control and NAC added at day 

3.5 (G3). Our results suggest that NAC 

addition exerts its maximum beneficial 

effect right after embryo warming (in vitro 

and in vivo produced embryos), and during 

the progression from the 4-cell to the 

morula stage in the in utero derived 

embryos. It is known that physiological 

ROS production is required for correct 

embryo division and pre-implantation 

development [152]. Thus, our data suggest 

that after vitrification and warming the 

NAC scavenging properties might be 

ameliorating the increased ROS production 

triggered by the cryopreservation process. 

This effect was observed only when NAC 

was added during the first two thirds of the 

embryo culture (in vivo produced embryos), 

but in the last third of embryo development, 

the damages induced seem to be 

irreversible. The fact that continuous NAC 

addition did not result in an enhanced total 

cell number suggests that excessive ROS 

scavenging could be interfering with 

blastomere cytokinesis explaining why total 

cell number does not increase [153].  

 In conclusion, NAC addition enhances 

total cell number but not embryo 

development of vitrified murine 2-cell 

embryos obtained in vivo when added at 

days 1.5 and 2.5 of culture and in vitro at 

day 1.5. NAC supplementation during the 

entire culture to the blastocyst stage does 

not improve the quality of fresh or vitrified-

warmed 2-cell embryos. The vitrification 

process detrimentally affects in vivo-

derived 2-cell embryos more vividly than in 

vitro produced embryos, as the number of 

blastomeres is significantly lower after 

reaching the blastocyst stage. More studies 

are necessary to clarify the optimal 

concentrations of NAC necessary to 

improve quality of vitrified murine embryos 

at different developmental stages. 
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Figure 1- Representative micrographs of murine expanded blastocysts  
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In vivo or IVF-derived murine 2-cell embryos were obtained, vitrified and cultured to the blastocyst stage in 
the presence or absence of 1 mM NAC. Representative micrographs are shown of blastocyst derived from 2-
cell embryos that were obtained after A) IVF (fresh); B) In utero harvesting (fresh); C) 2-cell embryos 
produced in utero followed by vitrification; D) produced in utero followed by vitrification, cultured in 
presence of 1 mM NAC for 24 hours (day 1.5) and allowed to develop; E) IVF derived 2-cell embryo subjected 
to vitrification and warming; F) IVF derived 2-cell embryo subjected to vitrification, cultured in presence of 1 
mM NAC for 24 hours (day 1.5) and allowed to develop. White bar represents 100 µm; the micrographs were 
taken using a 40x objective. 

 

 

 

 

 

 

Table 1- Embryo development to the blastocyst stage 
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Embryo source Treatment n Blastocyst rate 

Fresh In utero (IU) Control 36 89.0 ± 4.1 
NAC G1 41 95.2 ± 2.7 

NAC G2 38 95.0 ± 2.8 

NAC G3 35 94.0 ± 3.4 

C-NAC 37 89.7 ± 4.0 

IU- vitrified embryos Control 40 82.9 ± 3.0 
NAC G1 37 84.3 ± 5.9 

NAC G2 38 84.5 ± 3.5 

NAC G3 37 85.4 ± 6.5 

C-NAC 39 83.0 ± 5.5 

Fresh IVF Control 40 84.0 ± 2.4 

NAC G1 41 85.1 ± 1.9 

NAC G2 39 84.1 ± 3.9 

NAC G3 42 82.7 ± 6.0 

C-NAC 46 78.9 ± 3.1 

IVF – Vitrified Control 42 84.4 ± 2.1 
NAC G1 42 85.1 ± 1.7 

NAC G2 44 73.4 ± 4.8 

NAC G3 43 72.4 ± 4.3 

C-NAC 42 71.1 ± 5.5 
 

 

Blastocyst rates of fresh and vitrified mouse embryos obtained by IVF or in vivo in presence or absence of NAC. 
The groups studied were: Control: embryos cultured in the absence of NAC; NAC G1: 1 mM NAC was added for 
24 hours to the embryo culture medium at day 1.5 of embryo development; NAC G2: 1 mM NAC was added for 
24 hours to the embryo culture medium at day 2.5 of embryo development; NAC G3: 1 mM NAC was added for 
24 hours to the embryo culture medium at day 3.5 of embryo development;  C-NAC: culture medium was 
supplemented with 1 mM of NAC during the entire embryo culture. Statistically significant differences were 
not found between treatments in the same group or between homologous treatments in the different groups 
studied. Values are expressed as the mean percentage ± SEM (p > 0.05).  

 

 

 

 

 

 

 

 

 

 

 

Table 2- Cell number of murine blastocyst 
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Embryos Treatment n Cell number 

Fresh in utero (IU) Control 20 70.6 ± 3.5 

NAC G1 20 78.5 ± 3.9 

NAC G2 20 67.7 ± 4.5 

NAC G3 20 68.2 ± 3.4 

C-NAC 20 67.9 ± 4.6 

IU- vitrified embryos Control 21 51.9 ± 1.1b,c 

NAC G1 21 58.8 ± 1.5a 

NAC G2 20 57.3 ± 2.0a 

NAC G3 23 55.3 ± 1.3a,b,c 

C-NAC 23 51.3 ± 1.0b 

Fresh IVF Control 20 51.3 ± 2.1 

NAC G1 17 47.7 ± 3.1 

NAC G2 16 46.9 ± 2.8 

NAC G3 19 54.3 ± 3.6 

C-NAC 16 49.0 ± 2.9 

IVF - Vitrified Control 16 49.8 ± 3.1a 

NAC G1 16 61.6 ± 1.6b 

NAC G2 17 54.2 ± 2.9a,c 

NAC G3 16 50.0 ± 2.9a 

C-NAC 17 56.3 ± 1.7a,b 

 

Total cell number of vitrified mouse embryos obtained by IVF or in vivo in presence or absence of NAC. 
Control: embryos cultured in the absence of NAC; NAC G1: 1 mM NAC was added for 24 hours to the embryo 
culture medium at day 1.5 of embryo development; NAC G2: 1 mM NAC was added for 24 hours to the embryo 
culture medium at day 2.5 of embryo development; NAC G3: 1 mM NAC was added for 24 hours to the embryo 
culture medium at day 3.5 of embryo development; C-NAC: culture medium was supplemented with 1 mM of 
NAC during the entire embryo development. Values are expressed as the mean percentage ± SEM. Values 
bearing different letters in the same group differ statistically (p < 0.05). 
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ABSTRACT 

Vitrification is the safest method to cryopreserve oocytes, however this process alters 

mitochondrial function resulting in increased production of reactive oxygen species (ROS). The 

aim of the present study was to alleviate ROS stress in vitrified mice oocytes using N-

acetylcysteine (NAC at 1 mM), a ROS scavenger, being the final goal to improve their 

developmental competence. In our setting four experimental groups were compared: fresh 

oocytes (F-C), vitrified oocytes (V-C), NAC addition prior oocyte vitrification (V-NAC-Pre) 

and NAC addition after vitrification (V-NAC-Post). V-NAC-Pre and V-NAC-Post exhibited 

higher mitochondrial polarization values than vitrified control (36.5 ± 3.1, 37.7 ± 1.3 and 27.2 ± 

2.4 measured as the spatial coefficient of variation/oocyte respectively, mean ± SEM; p < 0.05). 

However, ROS production increased in vitrified oocytes added with NAC compared to the 

vitrified control (794.6 ± 164.9 (V-C) vs. 1124.7 ± 102.1 (V-NAC-Pre) and 1063.2 ± 82.1 (V-

NAC-Post) arbitrary fluorescence units/oocyte (mean ± SEM; p < 0.05). ATP content 

significantly decreased when NAC was added prior vitrification compared to NAC addition 

after vitrification (18.5 ± 6.9 vs. 54.2 ± 4.6 fmol/oocyte respectively, mean ± SEM; p < 0.05), 

being the ATP content of the latter treatment similar to F-C and V-C. Blastocyst rates derived 

from F-C oocytes was higher than those of V-NAC-Pre (90.7 ± 1.8 vs. 79.1 ± 1.8, mean % ± 

SEM, respectively; p < 0.05) but similar to those of V-NAC-Post (90.7 ± 1.8, mean % ± SEM, p 

> 0.05). Total blastomere count of blastocysts derived from V-NAC-Post oocytes was higher 

than in embryos produced using vitrified oocytes (76.8 ± 4.1
 
vs. 58.9 ± 2.5 total cell number 

respectively, mean ± SEM; p < 0.05). Our results demonstrate a significant improvement of the 

in vitro quality of vitrified mature murine oocytes when NAC is added after vitrification. 

Keywords:  mouse; N-acetylcysteine; oocyte; vitrification. 
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1. INTRODUCTION 

Mitochondria are core organelles in the 

oocyte as they determine their meiotic and 

developmental competence [154]. These 

organelles are responsible for energy 

production in the form of ATP through the 

oxidative phosphorylation chain resulting in 

controlled Reactive Oxygen Species (ROS) 

production [155]. Specifically, 

mitochondrial membrane potential is an 

important parameter defining mitochondrial 

and cellular status [156]. In mature oocytes, 

mitochondrial size, function as well as their 

overall number, are critical factors for 

fertilization and subsequent embryo 

development [157]. In fact, during the 

progression of the primordial follicle to the 

mature oocyte stage (metaphase II or MII), 

the number of mitochondria vividly 

increases due to the high energy demands 

required for oocyte fertilization and 

subsequent cleavage [158]. The oocyte 

represents the female germline and its long 

term maintenance enables for the protection 

and more flexible use of selected female 

genetics [159]. In this sense, vitrification is 

the most rapid and safest method to 

cryopreserve oocytes, but it alters 

mitochondrial membrane potential resulting 

in increased production of ROS, thus 

eroding their developmental competence 

[136]. In addition, cryopreservation 

severely affects the oocyte’s mitochondrial 

status and function which has been 

associated with implantation failure in 

IVF-derived embryos [160, 161]. 

However, such dysfunctions do not 

induce evident morphological 

abnormalities that could help to select 

the best embryos to transfer [162]. 

During cryopreservation, oxidative stress 

occurs due to gradual accumulation of free 

radicals causing a decrease in the survival 

rate and developmental competence of the 

oocytes [137]. In this regard, increased 

ROS production impairs multiple 

physiological processes such as oocyte 

maturation, fertilization and embryo 

development [163], and thus, exogenous 

antioxidant addition could help to alleviate 

ROS production and support mitochondrial 

function [160]. Supplementation of media 

with antioxidants could possibly help to 

improve gamete quality and fortify the 

developing embryo [109] as previously 

shown in vitrified-warmed bovine mature 

oocytes [164]. However, the appropriate 

antioxidants and concentrations required, as 

well the best moment to add the selected 

antioxidants for different assisted 

reproduction techniques still remain an 

ongoing area of research [165]. Some 

antioxidants such as Glutathione (GSH) 

have been reported to mitigate the toxic 

effects of oxidative stress when added to 

vitrified murine oocytes at different time 

points of the process [166]. For example, in 

the murine model, it has been demonstrated 

that supplementation with a glutathione 

donor prior vitrification improves the 

cryotolerance of MII oocytes [167]. 

Additionally, immature murine oocytes 

vitrified and warmed in presence of 

glutathione exhibit increased blastocyst 

rates compared to the non-supplemented 

controls [168]. In this sense, the use of N-

acetylcysteine or NAC (a precursor of 

GSH) during MII oocyte cryopreservation, 

could be advantageous as it actively 

scavenges free radicals increasing oocyte 

quality in aged mice and in vitrified 

immature murine oocytes [169, 170]. Thus, 

the aim of the present study was to 

investigate the impact of NAC 

supplementation to mature murine oocytes 

before and after vitrification as well as its 

effects on ATP production, mitochondria 

polarization, ROS production and embryo 

development and quality after IVF.   

2. MATERIAL AND METHODS 

 

2.1. Reagents 

All the reagents were purchased from 

Sigma-Aldrich (Barcelona, Spain) unless 

otherwise stated. 

2.2. Animals 

All the experimental procedures were 

reviewed and approved by the Ethical 

Committee of the Junta de Extremadura 

Spain (Spain, Ref. SBC/mbr). B6D2F1/J 

mice were housed under 12 h light/12 h 

dark cycles at a controlled temperature (19-

23ºC), with free access to food and water. 

Females were intraperitoneally (IP) injected 
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with 8 IU of equine chorionic 

gonadotrophin (eCG, Veterin Corion, 

Divasa Farmavic) followed 47 h later by 8 

IU of IP human chorionic gonadotrophin 

(hCG, Foligon, MSD) to trigger ovulation. 

Female mice were euthanized 12 hours after 

hCG administration by cervical dislocation, 

and cumulus-oocyte complexes (COCs) 

were recovered from oviducts and placed in 

500 µL of Human Tubal fluid (HTF) 

covered with mineral oil. One hour later, 

COCs were denuded using hyaluronidase 

(80 IU/mL) in M2 medium for no more 

than one min to remove granulosa cells and 

washed in M2 medium. After denudation, 

MII oocytes were separated in the different 

experimental groups (Fig. 1).  

2.3. Vitrification and warming 

MII denuded oocytes were equilibrated in 

M2 medium added with 7.5% of DMSO 

(v:v), 7.5% ethylene glycol (v:v) and 20% 

(v:v) fetal bovine serum (FBS) for 3 min. 

Afterwards, the oocytes were moved to a 

vitrification solution consisting of M2 

medium supplemented with 20% FBS 

added with 15% ethylene glycol (v:v), 15% 

DMSO (v:v) and 0.5 M sucrose for 1 min. 

Groups of 10 to 15 oocytes were loaded in 

0.25 mL French straws (IMV, L’Aigle, 

France) at room temperature and sealed by 

ultrasounds (Superultrasonic Co; Ltd. 

Taiwan). After that, the straws were 

plunged into liquid nitrogen and stored for 

at least 7 days. Oocytes were warmed at 

37ºC for 3-4 min in M2 medium added with 

0.5 M sucrose and 20% FBS and washed in 

M2 medium for further 3 min. 

2.4. In Vitro Fertilization 

Male B6D2F1/J mice aged 8-12 weeks 

were euthanized by cervical dislocation and 

ventrally dissected to remove the cauda 

epididymis. Once located, the epididymis 

and attached vas deferens were sectioned 

and transferred to a Petri dish containing 

500 µL of pre-equilibrated HTF covered 

with mineral oil. Spermatozoa were 

obtained by gently pressing the cauda 

epididymis through the vas deferens and 

were allowed to capacitate for 45 min at 

37°C in a 5% CO2/ 95% air atmosphere at 

100% humidity. At the end of the 

incubation, sperm concentration was 

measured using a Makler chamber (Irvine 

Scientific, CA, USA). Oocytes were 

inseminated with 2 × 10
6
 sperm/mL; 

gametes were co-incubated for 3 hours, 

moved to clean KSOM medium and 

followed in culture until they reached the 

expanded blastocyst stage.  

2.5. Experimental design 

Oocytes were separately allocated to one of 

the following experimental groups (Fig. 1):  

- Fresh control group (F-C): the denuded 

oocytes were cultured in KSOM medium 

for 2 hours prior IVF; presumptive zygotes 

were transferred to fresh KSOM medium 

and cultured to the blastocyst stage. 

-Vitrified control group (V-C): the denuded 

oocytes were cultured in KSOM medium 

for two hours prior vitrification. After 

warming, oocytes were allowed to recover 

in KSOM medium for 2 hours and 

subjected to IVF afterwards; presumptive 

zygotes were transferred to fresh KSOM 

medium and cultured to the blastocyst 

stage. 

-Vitrified pre-treatment group (V-NAC-

Pre): denuded oocytes were cultured in 

KSOM medium supplemented with 1 mM 

NAC for two hours prior vitrification. 

Warmed oocytes were allowed to recover 

for 2 hours in regular KSOM medium 

before IVF. After gamete co-incubation 

presumptive zygotes were transferred to 

fresh KSOM medium and cultured to the 

blastocyst stage. 

-Vitrified post-treatment group (V-NAC-

Post): denuded oocytes were cultured in 

regular KSOM medium for two hours prior 

vitrification. Warmed oocytes were allowed 

to recover for 2 hours in KSOM medium 

added with 1 mM NAC. Then, the oocytes 

were subjected to IVF. After gamete co-

incubation, presumptive zygotes were 

transferred to fresh KSOM medium and 

cultured to the blastocyst stage. 

2.6. Mitochondrial polarization status 

Denuded oocytes were photosensitized 

using the mitochondrial-specific 

fluorophore Rhodamine 123 (R123) at 5 

µM at 37ºC added to 4-(2-hydroxyethyl)-1-
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piperazineethanesulphonic acid (HEPES)-

base medium containing (mM): 140 NaCl, 

5 KCl, 1.5 CaCl2, 1 MgCl2, 20 glucose, 10 

HEPES, with the pH adjusted (NaOH) to 

7.4 for 10 min as described previously 

[171]. After loading, the chamber 

containing the oocytes was perfused for 2 

min with Na+-HEPES-based medium in 

order to remove excess of R123. The cells 

were then imaged with a confocal scanning 

laser microscopy (Eclipse Ti, Nikon) at × 

40 magnification using a 488 nm argon 

laser and the emission was collected 

through a 525/550 nm filter following the 

method described by Toescu et al. (2000). 

This method is based on the determination 

of the heterogeneity of the signal from 

R123 as an indicator of the depolarization 

of the mitochondrial network. The 

heterogeneity is calculated by the spatial 

coefficient of variation (CV; standard 

deviation/average) of the whole body 

fluorescence, thus, the higher the CV, the 

more hyperpolarized is the mitochondrial 

network. In our setting, in the oocytes with 

polarized mitochondria, the image taken 

contained a number of pixels with very high 

intensity, corresponding with mitochondria 

accumulating lipophilic dyes and many 

pixels with low intensity which coincide 

with the cytosolic and nuclear regions; as a 

result, both the SD and CV will be large. In 

oocytes with depolarized mitochondria, the 

distribution of individual pixel intensities 

will be more homogeneous, as the 

mitochondrial signal will decrease and, at 

the same time, the signal from cytosol will 

increase, being their CV lower [171]. 

Images were acquired using NIS Elements 

software (Nikon, Japan) and analysed with 

Fiji (NIH [172]). In these experiments 12 

oocytes/treatment collected in 3 different 

days from at least 9 different animals were 

analyzed; four different sessions were used 

to analyze the oocytes. 

2.7. ROS assessment 

To measure ROS levels, the oocytes were 

transferred to HEPES base medium added 

with 4 ΜM 2′,7′-

dichlorodihydrofluorescein diacetate 

(DCHFDA; Merck; Darmstadt, Germany) 

at 37°C for 15 min in the dark. Then, the 

solution was removed and the oocytes (12 

oocytes/treatment collected in 3 different 

days from at least 9 different animals were 

analyzed in 4 different sessions) were 

washed for 1 min with HEPES-base 

medium. The cells were then imaged with a 

confocal microscope (confocal scanning 

laser (Nikon A1) coupled to an inverted 

microscope (Eclipse Ti, Nikon)) using a 

480 nm argon laser; the emission was 

collected through a 525/550 nm filter and 

the intensity of the fluorescence was 

determined with Fiji (NIH [172]).  

2.8. Oocyte ATP content determination 

ATP concentrations were determined using 

the ATP Bioluminescent Somatic Cell 

Assay Kit, as described previously with 

minor modifications [173]. Ten to fifteen 

oocytes from each group were snap-frozen 

in a sterile microtube containing 100 µL of 

ultrapure water and stored at -80ºC. The 

oocytes (38 to 45 per treatment) were 

collected at 3 different days from at least 9 

different animals and the analysis was 

performed in 4 different sessions. The day 

of the experiment, a volume of 50 µL of 

ATP assay mix Working Solution was 

added to individual wells in an opaque 96-

well plate and kept at room temperature for 

3 min to allow for endogenous ATP 

hydrolysis. Fifty microliters of the thawed 

samples were mixed with Somatic Cell 

ATP Releasing Reagent (1:100). This 

mixture was transferred to the wells and the 

amount of bioluminescence emitted was 

measured immediately using a Synergy 2 

plate reader (Varioskan, ThermoFisher 

Scientific). The background luminescence 

was subtracted from all readings. ATP 

concentration was calculated by comparison 

against a standard curve. 

2.9. Development to the blastocyst stage 

The presumptive zygotes were followed for 

4 days to assess their development to the 

expanded blastocyst stage; the blastocyst 

formation rate was recorded using a 

stereomicroscope for each group 

individually. 

2.10. Blastocyst cell number determination 

Blastocyst of each group were fixed in 4% 

parafomaldehyde and stained with Hoechst 
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33258 (2.5 µg/mL in PBS) added with 0.2% 

of polyvinyl alcohol (PVA) for 10 min at 

37ºC in the dark. At the end of the 

incubation, the expanded blastocysts were 

mounted using glycerol on glass slides, 

covered with coverslips, sealed with nail 

polish and analyzed using a fluorescence 

microscope (Nikon Eclipse TE2000-S) 

equipped with an ultraviolet lamp. Pictures 

were taken and the number of blastomeres 

of each blastocyst was determined. Cell 

number was analyzed using the Fiji Image-J 

software (1.45q, Wayne Rasband, National 

Institutes of Health, USA). 

2.11. Statistical analysis 

Data were tested for normality using a 

Shapiro–Wilk test; results are reported as 

mean ± standard error of the mean (SEM). 

Groups were compared using ANOVA on 

ranks due to their non-Gaussian 

distribution. When statistically significant 

differences were found, a Holm-Sidak or 

Dunn´s post-hoc test was used to compare 

pairs of values. All statistical analyses were 

performed using Sigma Plot software 

version 12.3 for Windows (Systat Software, 

Chicago, IL, USA). Differences among 

values were considered statistically 

significant when p < 0.05. 

 

3. RESULTS 

3.1. Mitochondrial polarization analysis  

When all the treatments were compared 

between them, frozen-thawed oocytes 

exhibited the lowest mitochondrial 

polarization compared to the rest of the 

treatments (Fig. 1; p < 0.05). Interestingly, 

NAC addition prior and after vitrification 

exhibited similar mitochondrial polarization 

compared to the fresh control group (36.5 ± 

3.1, 37.7 ± 1.3 and 42.6 ± 1.7, CV/oocyte in 

% respectively) (Fig. 2 and 5; p > 0.05). 

3.2. ROS production assessment  

After vitrification overall ROS production 

increased when NAC was added prior or 

after vitrification compared to the vitrified 

control (p < 0.05); interestingly, although 

ROS production was higher when NAC 

was added, this increase was not 

statistically significant compared to fresh 

control group (695.3 ± 32.1 (control) vs. 

1124.7 ± 102.1 (prior vitrification); 1063.2 

± 82.1 (after vitrification) arbitrary 

fluorescence units/oocyte (mean ± SEM) 

(Fig. 3 and 6; p > 0.05).   

3.3. Determination of ATP content 

Our results showed that fresh and frozen-

thawed control groups did not differ in their 

ATP content (42.5 ± 3.0 vs. 38 ±8.7 

fmol/oocyte respectively, mean ± SEM; p > 

0.05). However, addition of NAC to 

vitrified-warmed oocytes significantly 

decreased ATP content when NAC was 

added prior vitrification compared to NAC 

addition after vitrification (18.5 ± 6.9 vs. 

54.2 ± 4.6 fmol/oocyte respectively, mean ± 

SEM; p < 0.05). No significant differences 

were observed when all the rest of the 

treatments were compared among them 

(Fig. 4; p > 0.05). 

3.4. Development to the blastocyst stage 

and total blastomere number 

Our results showed significant differences 

between blastocyst rates derived from fresh 

oocytes and those obtained from vitrified-

warmed oocytes added with 1 mM NAC 

prior vitrification (90.7 ± 1.8 vs. 79.1 ± 1.8, 

mean % ± SEM, respectively; Table 1, p < 

0.05). Also, statistically significant 

differences were found in the blastocyst 

rates between vitrified-warmed oocytes 

added with NAC prior vitrification and 

oocytes added with NAC after vitrification 

(79.1 ± 1.8 vs. 90.1 ± 1.8, mean % ± SEM, 

respectively; Table 1, p < 0.05). 

Interestingly, total cell number of blastocyst 

derived from the vitrified NAC-Post group 

significantly increased compared to vitrified 

control (76.8 ± 4.1
 
vs. 58.9 ± 2.5 total cell 

number respectively, mean ± SEM (p < 

0.05; Table 1 and Fig. 7).  

 

4. DISCUSION 

Vitrification and warming significantly 

affects oocytes’ structures impairing their 

developmental competence. Among other 

insults, vitrification induces mitochondrial 

depolarization of the oocyte [136] 
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decreasing their ATP content and 

enhancing ROS production [174]. As 

mitochondria play a core role determining 

the oocyte’s developmental competence, 

any deleterious impact on mitochondrial 

function will negatively affect the ability of 

the zygotes to reach the expanded 

blastocyst stage [80, 155]. In addition, it is 

known that the mitochondrial network is 

highly vulnerable to temperature 

fluctuations and vitrification is known to 

alter mitochondrial distribution of matured 

oocytes [175]. Regarding mitochondrial 

distribution, a previous report has 

determined that a fine homogeneous pattern 

of active mitochondria could be an indicator 

of poor developmental competence in ovine 

oocytes [176]. In our experiments a higher 

mitochondrial polarization was observed in 

fresh oocytes compared to their vitrified 

counterparts, and NAC addition prior or 

after vitrification enhanced mitochondrial 

polarization to the level observed in fresh 

oocytes (Figs. 2 and 5). Our results are in 

agreement with those of Lei et al. (2014) 

who found that vitrification induced an 

abnormal mitochondrial distribution and a 

decreased mitochondrial activity in mouse 

oocytes [175]. In addition, NAC addition 

prior and after vitrification significantly 

increased mitochondrial polarization 

coinciding with the results reported by Yue 

et al. (2016) for immature mouse oocytes 

[170]. These results suggest that the 

assessment of mitochondrial polarization 

status using the CV coincides with the 

analysis of mitochondrial distribution 

pattern, being therefore a reliable indicator 

of mitochondrial status and distribution.  

 Oocyte vitrification alters the 

normal mitochondrial function and 

provokes damage to the endogenous 

antioxidant systems which are responsible 

for the increase in the levels of ROS [137]. 

In porcine oocytes, it has been 

demonstrated that ROS production 

increases after oocyte vitrification [177]. To 

alleviate this oxidative burst, antioxidant 

addition to the medium prior vitrification 

[177] or during the recovery culture after 

warming [164] has been used to avoid the 

loss of the physiological balance between 

ROS production and antioxidant defenses. 

Interestingly, our results showed that ROS 

production in vitrified-warmed oocytes was 

similar to that of fresh oocytes, while 

oocyte vitrification in presence of NAC 

enhanced ROS production. The 

homogeneity in ROS production of fresh 

and vitrified oocytes is in contrast with 

those of  Tatone et al. (2011) who showed 

that vitrification enhanced ROS production 

in murine oocytes. This divergence can be 

explained because of the different mice 

strains used (CD-1 in their work vs. B6D2 

in ours) or could be due to the fact that, in 

our setting, oocytes are incubated for 

moderate times prior and after vitrification, 

inducing a slight oocyte aging. It has been 

demonstrated that in vitro oocyte ageing 

induces lower ROS production after 

vitrification (that is similar to aged fresh 

oocytes) compared to young oocytes [178]. 

Even when this could seem to be a matter 

of concern, the incubation times used in our 

experimental design (maximum of 5 hours 

when NAC was added after vitrification) 

have been demonstrated not to 

detrimentally affect the oocyte’s 

developmental competence [179]. To 

further confirm this theory, when NAC was 

added prior vitrification, blastocyst rates 

remained unaffected compared to fresh 

controls (Table 1) even at the longest 

oocyte incubations, validating our 

experimental design.  

Regarding ROS increase in vitrified NAC-

added oocytes (Fig. 3), over those of 

vitrified control group, this result could be 

explained in view of the higher 

mitochondrial polarization observed in our 

experiments being the mitochondria more 

active and capable of producing ROS as 

demonstrated in other germ cells [180]. 

Furthermore, the increase observed is 

similar to that of the fresh group, 

suggesting that NAC addition to murine 

oocytes prior or after vitrification does not 

induce a deleterious ROS imbalance. 

However, it has been demonstrated that 

intracellular ROS scavenging using 

antioxidants does not necessarily correlate 

with enhanced cryotolerance or 

developmental competence in bovine 

embryos, not being ROS production a 

reliable indicator of cryopreservation or in 

vitro fertilization outcomes [181]. 
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In view of these results, ATP production 

was measured in all the groups as it is 

known that mitochondrial damage affects 

the oocyte’s developmental competence 

impairing ATP production and increasing 

embryo arrest [155]. Interestingly, ATP 

production remained unchanged in vitrified 

and fresh oocytes, and vitrified oocytes 

added with NAC after vitrification, 

contrasting with previous research that 

demonstrated an ATP decrease after oocyte 

cryopreservation [182, 183]. However, ATP 

production significantly decreased when 

NAC was added prior vitrification, 

suggesting that its addition before 

vitrification is not indicated. Furthermore, 

the fact that the development to the 

blastocyst stage in this group after IVF is 

lower than for fresh, vitrified and vitrified 

oocytes supplemented with NAC after 

vitrification groups, suggests that NAC 

addition prior vitrification exerts a toxic 

effect on mitochondrial function. It has to 

be noted that in our experiments the number 

of blastomeres significantly decreases after 

vitrification compared to the fresh 

counterparts, as also demonstrated for mice 

cryopreserved embryos [184]. Notably, 

after vitrification and NAC addition, the 

number of blastomeres significantly 

increased compared to the vitrified controls 

or vitrified oocytes added with NAC prior 

cryopreservation, demonstrating an 

improvement on embryo quality [145, 146]. 

Although total blastomere number was 

lower in vitrified embryos added with NAC 

after vitrification than fresh control, total 

cell number was almost doubled compared 

to vitrified embryos added with NAC 

before vitrification (Table 1 and Fig. 7). 

These results together with the lower 

developmental competence and diminished 

ATP production in the oocytes added with 

NAC before vitrification demonstrate that 

NAC should be added to murine oocytes 

after vitrification. In addition, ROS 

production or mitochondrial polarization do 

not seem to be good indicators of 

mitochondrial status, being ATP content 

more adequate in murine oocytes. Although 

previous reports showed that glutathione 

donors improve murine oocyte’s 

cryotolerance and maintain ATP content 

[167], in this work ATP was measured right 

after oocyte thawing while in our work 

oocytes were allowed to re-equilibrate, 

possibly explaining the observed 

differences. 

 

5. CONCLUSIONS 

In conclusion, supplementation of mice 

oocytes with NAC after vitrification 

improves mitochondrial status and total cell 

number in expanded blastocysts. NAC 

addition prior cryopreservation is advised 

against, as it impairs the oocyte´s ATP 

content and erodes its developmental 

competence. More research is necessary to 

understand the mechanism by which NAC 

exerts its effects on murine oocytes and to 

develop and improve post-warming 

equilibration media by NAC 

supplementation. Our findings could be of 

clinical interest and more studies are 

required to test if our results can be 

extrapolated to other domestic species. 
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Figure  1.  

 

Diagram explaining the experimental design used in our study. F-C: MII denuded oocytes were cultured in KSOM 

medium for 2 hours prior IVF; V-C: MII denuded oocytes were cultured in KSOM medium for 2 hours prior 

vitrification. After warming, oocytes were allowed to recover in KSOM medium for 2 hours and subjected to IVF; V-

NAC-Pre: MII denuded oocytes were cultured in KSOM medium supplemented with 1 mM NAC for two hours prior 

vitrification. Warmed oocytes were allowed to recover for 2 hours in KSOM medium before IVF; V-NAC-Post: MII 

denuded oocytes were cultured in KSOM medium for 2 hours prior vitrification. Warmed oocytes were allowed to 

recover for 2 hours in KSOM medium added with 1 mM NAC before IVF.  
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Figure  2. 

 

Mitochondrial polarization status of fresh and vitrified murine oocytes in presence or absence of NAC. The groups 

studied were:  F-C: oocytes were cultured in KSOM medium for 2 hours prior IVF; V-C: oocytes were cultured in 

KSOM medium for 2 hours prior vitrification. After warming, oocytes were allowed to recover in KSOM medium for 2 

hours and subjected to IVF; V-NAC-Pre: oocytes were cultured in KSOM medium supplemented with 1 mM NAC for 

2 hours prior vitrification. Warmed oocytes were allowed to recover for 2 hours in KSOM medium before IVF; V-

NAC-Post: oocytes were cultured in KSOM medium for two hours prior vitrification. Warmed oocytes were allowed to 

recover for 2 hours in KSOM medium added with 1 mM NAC before IVF. Bars bearing different letters differ 

statistically (p < 0.05); values are expressed as the mean ± SEM.  

 

Figure  3. 

 

Assessment of ROS production in fresh and vitrified murine oocytes in presence or absence of NAC. The groups 

studied were: F-C: oocytes were cultured in KSOM medium for 2 hours prior IVF; V-C: oocytes were cultured in 

KSOM medium for 2 hours prior vitrification. After warming, oocytes were allowed to recover in KSOM medium for 2 

hours and subjected to IVF afterwards; V-NAC-Pre: oocytes were cultured in KSOM medium supplemented with 1 

mM NAC for 2 hours prior vitrification. Warmed oocytes were allowed to recover for 2 hours in KSOM before IVF; V-

NAC-Post: oocytes were cultured in KSOM medium for 2 hours prior vitrification. Warmed oocytes were allowed to 

recover for 2 hours in KSOM medium added with 1 mM NAC before IVF. Bars with different letters differ statistically 

(p < 0.05); values are expressed as mean ± SEM. 
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Figure  4.  

 

ATP content of fresh and vitrified oocytes in presence or absence of NAC. The groups studied were: F-C: oocytes were 

cultured in KSOM medium for 2 hours prior IVF; V-C: oocytes were cultured in KSOM medium for 2 hours prior 

vitrification. After warming, oocytes were allowed to recover in KSOM medium for 2 hours and subjected to IVF; V-

NAC-Pre: oocytes were cultured in KSOM medium supplemented with 1 mM NAC for two hours prior vitrification. 

Warmed oocytes were allowed to recover for 2 hours in KSOM medium before IVF; V-NAC-Post: oocytes were 

cultured in KSOM medium for 2 hours prior vitrification. Warmed oocytes were allowed to recover for 2 hours in 

KSOM medium added with 1 mM NAC before IVF. Bars with different letters differ statistically (p < 0.05); values are 

expressed as mean ± SEM. 

 

 

Figure  5.  

 

Representative images of the mitochondrial polarization status of fresh and vitrified murine oocytes. The letters in each 

panel represent: A) Fresh oocytes cultured in KSOM medium for 2 hours; B) Vitrified oocytes cultured in KSOM 

medium for 2 hours after warming; C) Oocytes cultured in KSOM medium supplemented with 1mM of NAC for 2 

hours prior vitrification and cultured in KSOM medium for 2 hours after warming; D) Vitrified oocytes cultured in 
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KSOM medium supplemented with 1mM of NAC for 2 hours after warming. The scale represents 40 µm and the 

micrographs were taken using a × 40 objective. 

 

Figure  6. 

 

Representative images for mouse oocytes producing ROS. The letters in each panel represent: A) Fresh oocytes 

cultured in KSOM medium for 2 hours; B) Vitrified oocytes cultured in KSOM medium for 2 hours after warming; C) 

Oocytes cultured in KSOM medium supplemented with 1mM of NAC for 2 hours prior vitrification and cultured in 

KSOM for 2 hours after warming; D) Vitrified oocytes cultured in KSOM medium supplemented with 1mM of NAC 

for 2 hours after warming. The scale represents 40 µm; the micrographs were taken using a × 40 objective. 

 

Figure  7.  

 

Representative micrographs of expanded blastocysts stained with Hoechst 33342 derived from fresh and vitrified 

murine oocytes after IVF. The letters in each panel represent: A) Fresh oocytes cultured in KSOM medium for 2 hours; 

B) Vitrified oocytes cultured in KSOM medium for 2 hours after warming; C) oocytes cultured in KSOM medium 

supplemented with 1mM of NAC for 2 hours prior vitrification and cultured in KSOM medium for 2 hours after 

warming; D) Vitrified oocytes cultured in KSOM medium supplemented with 1mM of NAC for 2 hours after warming. 

The scale represents 100 µm; the micrographs were taken using a × 40 objective. 
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Table 1. 

 

 

Table 1. Development to the blastocyst stage and total blastomere number. 

Development to the blastocyst stage and total cell number determination of embryos obtained by IVF using fresh or 

vitrified murine oocytes in presence or absence of NAC. The groups studied were: F-C: oocytes were cultured in 

KSOM medium for 2 hours prior IVF; V-C: oocytes were cultured in KSOM medium for 2 hours prior vitrification. 

After warming, oocytes were allowed to recover in KSOM medium for 2 hours and subjected to IVF afterwards; V-

NAC-Pre: oocytes were cultured in KSOM medium supplemented with 1 mM NAC for 2 hours prior vitrification. 

Warmed oocytes were allowed to recover for 2 hours in KSOM medium before IVF; V-NAC-Post: oocytes were 

cultured in KSOM medium for 2 hours prior vitrification. Warmed oocytes were allowed to recover for 2 hours in 

KSOM medium added with 1 mM NAC before IVF. Different letters in the same column represent statistically 

significant differences (p < 0.05); values are expressed as the mean ± SEM.  

 

 

 

 

 

 

 

 

 

 

 

 

Oocyte treatment n Blastocyst rate (%) n Cell count 

Fresh control 67 90.7 ± 1.8
a
 12 86.8 ± 2.5

a
 

Vitrified Control 92 85.9 ± 1.5
a,b

 15 58.9 ± 2.5
b
 

Vitrified NAC-Pre 81 79.1 ± 1.8
b
 12 36.7 ± 2.3

c
 

Vitrified NAC-Post 80 90.1 ± 1.8
a,c

 12 76.8 ± 4.1
d
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RESUMEN 

 

La capacidad de criopreservar gametos o embriones de mamíferos se ha convertido 

en una técnica fundamental en las clínicas reproductivas, ya que facilita el transporte, 

flexibiliza su uso y permite el almacenamiento a largo plazo. Se ha demostrado 

previamente que la criopreservación y los crioprotectores alteran las propiedades físicas y 

químicas de la membrana celular y del citoesqueleto, inducen la despolarización 

mitocondrial, aumentan la producción de especies reactivas de oxigeno (EROs) y 

desencadenan la apoptosis. Todos estos factores menoscaban la capacidad fecundante de 

los gametos y la capacidad de desarrollo de los embriones. Además, la tolerancia al 

proceso varía dependiendo del material genético que se pretenda criopreservar. 

Concretamente, la congelación de semen epididimario es más dificultosa que la del 

semen eyaculado debido a que éste no ha tenido contacto con el plasma seminal (fuente 

principal de enzimas antioxidantes y colesterol en el eyaculado). Por otro lado, la 

vitrificación de los ovocitos y los primeros estadios de desarrollo embrionario (de zigotos 

a 8 células) toleran peor el proceso debido a la baja permeabilidad de la zona pelúcida a 

los medios; además, los embriones producidos in vitro tienen una calidad inferior que los 

producidos in vivo siendo más susceptibles de sufrir daños irreversibles durante la 

vitrificación. Por lo tanto, en los experimentos realizados en la presente Tesis Doctoral 

nos centramos en la mejora de los procesos de criopreservación de gametos y embriones 

en los estadíos que presentan peor tolerancia al proceso. Para ello analizamos el efecto de 

la adición de N-Acetilcisteína a ovocitos, embriones de ratón (estadio de 2 células) y 

espermatozoides epididimarios criopreservados de toro de Lidia con el fin de determinar 

si el uso de este antioxidante mejora la calidad de los embriones y gametos tras la 

criopreservación. Además, se intentó determinar si tras la refrigeración prolongada a 4ºC 

(24-96 horas) el uso de crioprotectores alternativos como la dimetilformamida (DMF) 

mejoraba la calidad del semen de toro de Lidia post-descongelación.  

Los resultados obtenidos mostraron que el almacenamiento refrigerado del epidídimo 

de toro de Lidia hasta 96 horas no afecta significativamente los parámetros avanzados de 

de motilidad VCL, VSL, VAP, ALH y LIN cuando los medios criopreservación se 

suplementaron con glicerol al 7% (v/v) o glicerol y DMF (al 3.5% cada uno, v/v). La 

adición de NAC (1 o 2.5 mM) no mejoró los parámetros de motilidad espermática total y 
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progresiva, la viabilidad, el potencial de membrana mitocondrial, la producción de EROs, 

la fragmentación de ADN, ni el estado del acrosoma de los espermatozoides de raza 

bovina de Lidia después de la descongelación. 

Para los embriones murinos vitrificados en estadio de dos células, nuestros 

experimentos demostraron que la adición de 1 mM de NAC no indujo un efecto tóxico 

incluso cuando se mantuvo la suplementación durante todo el cultivo hasta fase de 

blastocisto. Además, la calidad de los embriones vitrificados producidos in utero aumentó 

significativamente cuando se añadió NAC a los días 1.5 o 2.5 tras la descongelación  y 

los producidos in vitro cuando se suplementó el día 1.5 de desarrollo.  

En ovocitos, observamos una mayor polarización mitocondrial tras la adición de 1 

mM de NAC antes y después de la vitrificación, cuando se compararon con ovocitos 

vitrificados en ausencia del antioxidante. La producción de EROs y ATP en ovocitos 

desvitrificados fue similar a la producida por ovocitos frescos. Sin embargo, el contenido 

de ATP disminuyó cuando la adición de NAC fue anterior a la vitrificación, comparado 

cuando la suplementación fue posterior. Mientras que la producción de  EROs se 

incrementó en presencia de NAC comparado con ovocitos vitrificados. Por otro lado se 

observó un aumento significativo en el número de blastómeras cuando la adición de NAC 

se efectuó después de la vitrificación en comparación con la suplementación previa a la 

vitrificación. 

En conclusión, la adición del antioxidante N-acetilcisteína no parece tener un 

efecto beneficioso en los medios de congelación de semen epididimario en el toro de 

Lidia; sin embargo, su adición en embriones desvitrificados de 2 células y en ovocitos 

murinos después de la vitrificación parece mejorar la calidad de los blastocistos 

generados dependiendo del momento de su adición.  
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SUMMARY 

 

Gamete and embryo cryopreservation is a core assisted reproductive tool that 

facilitates transport, use and long-term storage of valuable genetics. It has been 

demonstrated that the cryoprotectants used in the cryopreservation extenders as well as 

the process itself alter the chemical and physical proprieties of the plasma membrane of 

gametes/embryos. Specifically cryopreservation induces structural changes in the plasma 

membrane and cytoskeleton, induces mitochondrial depolarization, increases ROS 

production and in turn triggers apoptosis. Furthermore, tolerance for cryopreservation 

notably varies depending upon the type of genetic material to be cryopreserved. 

Specifically, epididymal sperm cryopreservation is less successful than ejaculated sperm 

because it has had no contact with seminal plasma (the main source of spermatozoal 

antioxidant enzymes, lipids and cholesterol). On the other hand, oocytes and early 

embryonic stages (zygotes to 8 cells) exhibit lower tolerance for vitrification due to the 

low permeability of their zona pellucida; in addition, the quality of the embryos produced 

in vitro is lower than the quality of those produced in vivo being more susceptible to 

irreversible damage during vitrification. Therefore, in the experiments carried out in the 

present Doctoral Thesis we focused our efforts towards the improvement of gamete and 

embryo cryopreservation at the more susceptible stages to freezing-induced damage. To 

achieve this goal we analyzed the effect of N-acetylcysteine addition to vitrified murine 

oocytes and embryos (2-cell stage) at different time points as well as to cryopreserved 

Lidia bull epididymal spermatozoa in order to determine the usefulness of this 

antioxidant. In addition, an attempt was made to determine whether the use of alternative 

cryoprotectants such as dimethylformamide (DMF) improved post-thaw semen quality of 

Lidia bull epididymal sperm after prolonged storage at 4° C (24-96 hours). 

Our results showed that prolonged storage of Lidia bull epididymis up to 96 hours 

did not seem to negatively affect sperm fertility, as significant differences in their main 

advanced motility parameters VCL, VSL, VAP, ALH and LIN were not found when 

sperm were cryopreserved using an extender added with glycerol (7%, v/v) or glycerol 

and DMF (at 3.5% v/v each). When 1 or 2.5 mM of NAC were added to any of the sperm 

freezing extenders total and progressive motility, viability, mitochondrial membrane 
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potential, ROS production, and DNA fragmentation or acrosomal intactness remained 

unaffected despite prolonged cooled storage. 

On the other hand, when murine 2 cells embryos produced in vivo or in vitro were 

vitrified and warmed, vitrification or addition of 1 mM of NAC did not negatively affect 

their development to the expanded blastocyst stage compared to the fresh controls. 

Interestingly, the quality of the expanded blastocysts derived from vitrified 2-cell 

embryos produced in vivo significantly increased when the antioxidant was added at days 

1.5 and 2.5 after freezing and at day 1.5 in IVF-derived embryos, as the total blastomere 

count at day 4 was significantly enhanced compared to the vitrified control devoid of 

NAC. 

In our last batch of experiments, murine oocytes were vitrified in presence or 

absence of NAC (1 mM) which was added prior to or after vitrification.  In oocytes added 

with NAC prior or after vitrification higher mitochondrial polarization was observed 

compared to the vitrified controls. Interestingly, ROS production ATP content was 

similar in fresh and vitrified oocytes. However, ATP content significantly decreased 

when NAC was added prior to vitrification, compared to NAC supplementation after 

warming. On the other hand, a significant increase in the number of blastomeres was 

observed when the addition of NAC was carried out after vitrification compared to its 

addition prior to vitrification. 

In conclusion, the addition of N-acetylcysteine does not seem to exert any 

beneficial effect on the post-thaw quality of Lidia bull epididymal sperm; however, its 

addition to murine oocytes and early embryos improves the quality of the derived 

expanded blastocysts depending upon the moment of addition. 

 

 

 



DISCUSIÓN 
 

95 
 

 

 

 

 

 

 

DISCUSIÓN 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



CONCLUSIONES/CONLUSION 
 

97 
 

DISCUSIÓN 

 

La necesidad de utilizar protocolos de criopreservación seguros y efectivos que 

garanticen la conservación óptima de gametos y embriones ha llevado a la realización de 

la presente Tesis Doctoral. En el momento actual, según un informe publicado en 2013 

del Ministerio de Agricultura, Alimentación y Medio Ambiente, solamente el 13,2% de 

nuestras razas o variedades autóctonas (incluyendo bovino, ovino, caprino, aviar porcino 

y equino) disponen de un banco de germoplasma que permitiría la reintroducción 

completa de las razas o variedades (banco completo) [185]; dichos bancos contemplan el 

almacenamiento de dosis seminales, embriones, células somáticas y ovocitos.  

Aunque el estudio de mejora de medios de criopreservación ha sido desarrollado 

ampliamente en la literatura, la conveniencia de la adición de antioxidantes (dosis y tipos) 

a los medios de preservación aún no está esclarecida. Por un lado, está descrito que la 

manipulación in vitro de gametos y embriones da lugar a la producción excesiva de EROs 

afectando al balance oxidante-antioxidante endógeno. Además, como se ha expuesto 

previamente, determinadas técnicas utilizadas en reproducción asistida tales como la 

criopreservación inducen estrés oxidativo celular aumentando las citadas EROs. Por ello, 

durante el desarrollo de la presente Tesis Doctoral los estudios realizados se centraron en 

el uso de crioprotectores alternativos en gametos masculinos y en la adición de NAC en 

espermatozoides, oocitos y embriones de dos células, ya que constituyen los estadíos más 

sensibles al proceso.  

En la primera parte de la presente Tesis Doctoral se eligió como modelo el semen 

de la raza bovina de Lidia, clasificada como raza autóctona de fomento en el Catálogo 

Oficial de razas de ganado de España. Actualmente existen alrededor de 10.000 dosis 

seminales conservadas procedentes solamente de 64 sementales [186]. La dificultad de 

extracción de eyaculados de esta raza unida a su conservación basada en la importancia 

genética y no en base a su capacidad de congelación, obstaculizan la preservación de 

dicha raza. Puesto que no existen protocolos de congelación específicos para el semen del 

ganado de lidia, ni tampoco se ha estipulado el tiempo máximo de almacenamiento del 

epidídimo antes del inicio del proceso de criopreservación, en el Artículo 1 de la presente 

Tesis Doctoral se evaluaron  los parámetros de motilidad de espermatozoides 

descongelados después del almacenamiento epidídimo a 4ºC (de 24 a 96 horas). Para ello 
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se utilizó como medio base un medio basado en Tris-fructosa citrato adicionado con 

yema de huevo y glicerol previamente validado para la criopreservación de 

espermatozoides bovinos epididimarios [187]. En la criopreservacion del semen bovino 

uno de los crioprotectores más utilizado es el glicerol por su capacidad de estabilizar la 

membrana plasmática [188]. Este agente crioprotector (ACP) se añade en 

concentraciones que oscilan del 3% al 7% (v/v) dependiendo del laboratorio de 

investigación [189, 190], aunque hay que tener en cuenta que existen diferencias en la 

tolerancia de los espermatozoides al glicerol entre especies e incluso entre razas [191, 

192]. Por otra parte, existen estudios que demuestran que el glicerol cuando se usa como 

único ACP en el medio de congelación, afecta negativamente la motilidad del 

espermatozoide, la viabilidad y al potencial de membrana mitocondrial [41]. Por ello, en 

nuestro estudio, combinamos el uso del glicerol con dimetilformamida (DMF) debido a 

sus buenos resultados en la especie equina [40]. Esta Tesis describe el primer análisis de 

parámetros avanzados de motilidad de espermatozoides de toro de Lidia, por lo que hay 

pocos valores de referencia previos para comparar.  

En estudios previos se ha demostrado que los parámetros avanzados de velocidad 

individuales predicen el potencial fertilizante del semen descongelado en muchas 

especies [193-195] incluyendo la bovina [196]. En este sentido, se ha sugerido que  el 

promedio de VAP puede ser el parámetro más útil con relevancia clínica para predecir la 

fertilidad en los toros [196]. En nuestro estudio, en los resultados obtenidos en los medios 

adicionados con glicerol al 7% o glicerol al 3.5% y 3.5% de DMF hasta 96 horas post-

mortem no encontramos diferencias para MT, MP, VCL, VSL, VAP, ALH y LIN 

(Artículo 1). Por lo tanto, el almacenamiento refrigerado del epidídimo de toro de Lidia 

hasta 96 horas no afecta a los parámetros de motilidad de esta raza. Nuestro estudio 

demuestra que el procesamiento del semen de toros de Lidia puede realizarse tras un 

almacenamiento epididimario de hasta 96 horas a 4ºC sugiriendo que la fertilidad podría 

no verse afectada. Ya que la adición de glicerol o la combinación de DMF y glicerol no 

mostraron diferencias y debido a la mayor sencillez en la preparación de medios con un 

solo crioprotector, no parece necesario el uso de DMF en la congelación de semen de esta 

raza. 

Siguiendo el diseño experimental del Artículo 1, en nuestro segundo trabajo se 

almacenaron los epidídimos a 4ºC de 24 a 96 horas antes de su criopreservación. Una vez 

descongelados se evaluó la motilidad total y progresiva, la viabilidad, el potencial de 

membrana mitocondrial, la producción de EROs, la fragmentación de ADN y el estado 
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del acrosoma de los espermatozoides de raza bovina de lidia. Los resultados obtenidos no 

mostraron diferencias entre los medios de congelación adicionado con glicerol al 7% o 

glicerol al 3.5% y 3.5% de DMF hasta 96 horas post-mortem (Artículo 2). Sin embargo, 

hay que mencionar que el porcentaje de espermatozoides vivos produciendo EROs 

aumentó y el porcentaje de espermatozoides con alto potencial de membrana 

mitocondrial (hMMP) disminuyó ligeramente cuando se utilizó la combinación de 3.5% 

de glicerol y 3.5% de DMF en comparación con el uso de glicerol solamente (Artículo 2), 

aunque estas diferencias no fueron significativas. Por lo tanto, no parece que existan 

ventajas obvias en el uso de DMF en el semen de toro de Lidia (al menos a las dosis 

utilizadas en esta Tesis Doctoral). Estudios previos han demostrado que el porcentaje de 

espermatozoides viables con hMMP está significativamente relacionado con la fertilidad 

en distintas especies como búfalos [197] y en carneros [198]. Por tanto, y coincidiendo 

con los datos obtenidos en el Artículo 1, estos datos refuerzan la idea de que la fertilidad 

de los espermatozoides del toro de Lidia conservados en los epidídimos durante 96 horas 

se mantiene intacta. 

 

Como se ha indicado anteriormente, el plasma seminal es la fuente más 

importante de factores antioxidantes con el que cuenta el espermatozoide entre los que se 

encuentran la superóxido dismutasa, la catalasa y el GSH, entre otros [188]. Teniendo en 

cuenta que el semen epididimario carece de secreciones de las glándulas sexuales 

accesorias (plasma seminal) éste queda desprovisto de antioxidantes y el daño oxidativo 

debido a la criopreservación es mayor que en los eyaculados completos [199]. Debido a 

que en nuestros estudios utilizamos semen epididimario de Toro de Lidia, con el fin de 

paliar este daño oxidativo y mitigar los efectos adversos de las EROs durante la 

criopreservación, se probó la suplementación del medio de congelación seminal con NAC 

en combinación con crioprotectores alternativos. Este antioxidante se eligió en base a los 

estudios previos que demuestran los efectos beneficiosos de la N-acetilcisteína en los 

espermatozoides eyaculados bovinos [129, 200]. Por ello, durante la fase experimental de 

la presente Tesis se evaluaron los efectos de diferentes dosis de NAC (1 mM y 2,5 mM 

NAC) añadidos al medio de congelación seminal.  Nuestros resultados coinciden con 

investigaciones previas en diferentes especies (caballo y ciervo) en las que se concluyó 

que la adición de antioxidantes no mejora los parámetros de motilidad espermática 

después de 96 horas de almacenamiento refrigerado [190, 201].  
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En la presente Tesis también se ha comprobado el efecto de la adición de 1 y 2.5 

mM de NAC en el medio de congelación seminal de eyaculados de las especies ovina y 

equina (datos no mostrados). Coincidiendo con los resultados obtenidos en Toro de Lidia, 

la adición de NAC a los medios de congelación seminal no mostró mejoras significativas 

respecto a los controles (datos publicados pero no incluidos en la presente Tesis). Estos 

resultados pueden ser debidos a que el choque térmico y osmótico son los principales 

daños que afectan la calidad de los espermatozoides después de la descongelación y no 

pueden prevenirse mediante el uso de NAC a las dosis utilizadas en este estudio. 

 

En el momento actual, la vitrificación de los ovocitos y embriones es una técnica 

importante de la industria de la tecnología de reproducción asistida. Además, el número 

de embriones criopreservados en el Banco nacional de Germoplasma es notoriamente 

menor que el de pajuelas de semen, existiendo menos de 200 embriones almacenados de 

razas autóctonas Españolas. Esta diferencia se debe a que la obtención de ovocitos y 

embriones es más costosa y su tolerancia a la criopreservación notablemente inferior a la 

del semen. Por lo tanto, en la segunda parte experimental nuestros esfuerzos se centraron 

en el estudio de los efectos negativos del proceso de vitrificación en los ovocitos y 

embriones murinos de 2 células, así como el efecto protector de la adición de NAC a los 

mismos. El modelo murino ha sido ampliamente utilizado para probar y desarrollar 

protocolos de vitrificación debido a su alta capacidad para soportar el proceso. Por ese 

motivo y por la fácil disponibilidad de un gran número de ovocitos y embriones, se ha 

utilizado esta especie en nuestros experimentos. Además, dependiendo de la etapa de 

desarrollo, la tolerancia a la vitrificación de los embriones varía notablemente siendo 

mejor en estadio de mórula y blastocistos expandidos que en fases anteriores [141]. 

Debido a la mayor dificultad para su vitrificación, esta Tesis Doctoral se centra en los 

estadios más delicados de vitrificación, el ovocito y el embrión de dos células. 

 La tolerancia a la vitrificación de los ovocitos se ha atribuido a una menor 

permeabilidad de la zona pelúcida a los crioprotectores y a una mayor producción de 

EROs después de la vitrificación en ovocitos y embriones en las primeras etapas [59]. 

Además, la sensibilidad para la congelación varía dependiendo de las condiciones de 

producción y cultivo de los embriones (in vivo vs. in vitro). Con el fin de disminuir las 

EROs producidas por la vitrificación se ha evaluado el efecto de la suplementación de 1 

mM de NAC a distintos tiempos de ovocitos y embriones murinos (Artículos 3 y 4).  
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Para los embriones de 1.5 días post-fecundación (dos células) se ha valorado la 

adición de NAC en el momento de la desvitrificación, a las 24 h (día 2.5 de desarrollo), a 

las 48 horas (día 3.5 de desarrollo), o durante el cultivo completo de embriones. Nuestros 

experimentos demostraron que la adición de NAC no altera la capacidad de desarrollo de 

los embriones de 2 células obtenidos in vivo o in vitro, incluso cuando el NAC se añade 

durante todo el cultivo hasta fase de blastocisto (día 4). Sin embargo, considerando que el 

recuento del número de blastómeras es un indicador fiable de la calidad embrionaria 

[146] observamos un menor número de blastómeras en los embriones producidos in vitro  

en comparación con los embriones obtenidos del útero (Artículo 3), como se ha descrito 

previamente [202]. Este resultado puede explicarse debido a que, durante la producción 

in vitro de embriones se produce una mayor liberación de EROs en comparación con la 

producción in vivo induciendo la muerte de una parte de  las células embrionarias [203]. 

Debe mencionarse que el número de células totales de los embriones derivados in 

utero aumentó significativamente cuando se añadió NAC a los días 1.5 o 2.5 en 

comparación con el control o la adición continua de NAC. Ya que en los embriones 

vitrificados obtenidos in vitro el número total de células solo aumentó significativamente 

en día 1.5, nuestros datos sugieren que después del proceso de vitrificación-

desvitrificación, la adición de NAC podría estar amortiguando la producción excesiva de 

EROs desencadenada por el proceso de criopreservación, mejorando de esta forma la 

calidad embrionaria (Artículo 3). Nuestros resultados sugieren que la adición de NAC 

ejerce su máximo efecto tras la descongelación y durante el paso del estadío de 4 células 

a mórula, aunque más allá de este estadío embrionario, los daños ejercidos por las ROS 

no parecen poder prevenirse mediante la adición de NAC. Por otro lado, está descrito que 

la producción fisiológica de EROs es necesaria para la correcta división de los embriones 

y el desarrollo previo a la implantación [152]. Sin embargo, la eliminación excesiva de 

EROs podría interferir con la citocinesis blastómera explicando por qué aunque el 

desarrollo embrionario se mantiene, el número total de células no aumenta cuando la 

adición de NAC se realiza durante la duración total del desarrollo embrionario [204]. El 

hecho de que el desarrollo hasta el estadío de blastocisto fuera similar entre todos los 

grupos estudiados (frescos vs vitrificados) en presencia o ausencia de NAC pero hubiera 

diferencias significativas en el número de blastómeras dependiendo del grupo en estudio 

demuestran que el recuento de blastómeras es un indicador más fiable de calidad 

embrionaria que el porcentaje de desarrollo. Por otro lado, la adición de NAC incrementa 
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el número de blastómeras significativamente dependiendo del día de adición (día 1.5 en 

embriones vitrificados producidos mediante FIV vs. Días 1.5 y 2.5 en embriones 

producidos in vivo) sugiriendo la utilidad de su adición en cultivos secuenciales. 

Debido a que la vitrificación induce la despolarización mitocondrial, disminuye el 

contenido ATP e incrementa la producción de EROs [174, 205], en el trabajo 

desarrollado en ovocitos maduros de ratón, hemos determinado el efecto de la adición de 

1 mM de NAC antes y después de la criopreservación (Artículo 4). Cabe destacar que 

hemos validado por primera vez la polarización mitocondrial de los oocitos basándonos 

en el coeficiente de variación de la intensidad de fluorescencia de la rodamina 123 

(Comunicación 3), una técnica utilizada previamente en neuronas [171]. En nuestro 

último trabajo (Artículo 4) observamos una mayor polarización mitocondrial tras la 

adición de NAC antes y después de la vitrificación comparado con los ovocitos 

vitrificados en ausencia del antioxidante sin observar diferencias respecto a la 

polarización de ovocitos frescos. En ovocitos porcinos, se ha demostrado que la 

producción de EROs aumenta después de la vitrificación, lo que justifica la adición de 

antioxidantes al medio de vitrificación [177] o en el medio de recuperación tras la 

desvitrificación [206]. Nuestros resultados mostraron que la producción de EROs en 

ovocitos murinos desvitrificados es similar a la de ovocitos frescos mientras que su 

producción aumentó en presencia del NAC. Este incremento en la producción de EROs 

no parece ser perjudicial, ya que las tasas de desarrollo embrionarias obtenidas fueron 

similares en los ovocitos frescos y en los vitrificados suplementados con NAC.   

Ya que la polarización de la membrana mitocondrial y la producción de EROs son 

medidas indirectas de la funcionalidad de la mitocondria, en nuestros experimentos nos 

propusimos estudiar la producción de ATP. Debido a que la fosforilación oxidativa tiene 

lugar en la mitocondria, la producción de ATP se ve alterada cuando existe daño 

mitocondrial siendo una medida más directa de la funcionalidad mitocondrial [155]. En el 

presente trabajo demostramos que los niveles de ATP no varían entre ovocitos frescos y 

desvitrificados; sin embargo, en presencia de NAC, el contenido de ATP disminuye 

cuando la adición de NAC es anterior a la vitrificación y aumenta significativamente 

cuando la suplementación es posterior a la vitrificación. Este hecho unido a la menor tasa 

de desarrollo hasta blastocisto cuando la adición de NAC es anterior a la vitrificación, 

sugiere que, en ese momento, la adición de NAC ejerce un efecto tóxico sobre la cadena 

de fosforilación oxidativa mitocondrial.  
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Por otro lado, observamos que el desarrollo a blastocisto no muestra diferencias 

estadísticamente significativas si los embriones son frescos o vitrificados en ausencia de 

NAC, pero la adición del antioxidante previa o posterior a la criopreservación influye en 

en el desarrollo embrionario y el número de blastómeras. Cabe destacar que la adición de 

NAC antes de la vitrificación disminuyó significativamente el recuento de blastómeras y 

el desarrollo de los embriones en comparación con los derivados de ovocitos frescos o 

vitrificados adicionados con NAC tras la criopreservación.  En vista de estos resultados, 

la adición de NAC previa a la vitrificación de los ovocitos parece ser perjudicial mientras 

que la suplementación de NAC después de la vitrificación mejora el estado de 

polarización mitocondrial, aumenta los nieles de ATP y el número de blastómeras. Estos 

resultados deben tenerse en cuenta con el fin de aplicarlos a especies de interés pecuarios, 

con el fin de mejorar las tasas de producción de embriones derivados de oocitos 

vitrificados. Al igual que en estudios anteriores [184], hemos comprobado que el 

recuento de blastómeras después de la vitrificación disminuye notablemente con respecto 

a los ovocitos frescos. 
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CONCLUSIONES 

 

 Los epidídimos de toro de Lidia pueden refrigerarse a 4ºC durante 96 horas antes de 

la criopreservación sin que las calidad espermática varíen tras la descongelación. 

 

 La combinación de DMF y glicerol (3.5% v/v cada ACP) no presenta ventajas 

evidentes con respecto al uso de glicerol al 7% (v/v) en los diluyentes de congelación 

epididimarios de Toro de Lidia. 

 

 

 La adición de N-acetilcisteína a los medios de congelación de espermatozoides 

epididimario de Toros de Lidia no  afecta significativamente a la calidad post-

descongelación de los espermatozoides. 

 

 La adición de N-acetilcisteína aumenta el número de células de embriones 

desvitrificados en día 1.5 y 2.5 de cultivo producidos in vivo y de embriones in vitro 

en día 1.5 de cultivo. 

 

 

 La adición de NAC previa a la vitrificación de los ovocitos disminuye los niveles de 

ATP, el desarrollo y el número total de blastómeras de los blastocitos murinos 

generados por FIV. 

 

 La suplementación de NAC después de la vitrificación mejora el estado de 

polarización mitocondrial, aumenta los nieles de ATP y el número de blastómeras de 

los blastocistos generados mostrando resultados comparables a los embriones frescos. 
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CONCLUSIONS 

 

 Lidia bull epididymis can be refrigerated at 4ºC up to 96 hours prior cryopreservation 

and prolonged storage does not impair their sperm quality post-thaw.  

 

 The combination of DMF and glycerol at 3.5 % (v/v, each) is not better than the use 

of glycerol at 7% (v/v) in epididymal Lidia bull freezing extenders.  

 

 

 N-Acetylcysteine addition to sperm freezing extenders does not affect post-thaw 

sperm quality in Lidia bulls.  

 

 NAC addition enhances total cell number of vitrified murine 2-cell embryos obtained 

in vivo when added at days 1.5 and 2.5 of culture and in vitro at day 1.5.  

 

 

 NAC supplementation prior oocyte vitrification decreases ATP production, 

developmental competence and total blastomere count in murine embryos produced 

by IVF. 

 

 NAC supplementation after murine oocyte cryopreservation improves mitochondrial 

polarization status, ATP levels and total expanded blastocyst blastomere count over 

vitrified embryos devoid of NAC and the results are comparable to those of fresh 

oocytes. 
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