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1. Abreviaciones

*OH: radical hidroxilo.

4-HNE: 4-Hydroxynonenal.

AA: antimicina A.

ACO2: aconitasa mitocondrial.

ADP: adenosin disfosfato.

ALH: amplitude of lateral head displacement.

AMP: adenosin monofosfato.

ATP: adenosin trisfosfato.

BCF: beat cross frequency.

BSA: albimina sero bovina.

Ca*2: idn calcio.

CAP: capacitados.

CO,: diéxido de carbono.

Curva ROC: Receiver Operating Characteristic curve.
FADH.y FAD: flavin adenin dinucledtido (forma reducida y oxidada).
FCCP: carbonyl cyanide-p-trifluoromethoxyphenylhydrazone.
Fe?*: hierro.

FIV: fecundacién in vitro.

H*: catién hidrégeno, protones.

H.0,: perdxido de hidrégeno.

HRR: respirdmetro de alta resolucion.

K*: catién potasio.

KO: knockout.

LIN: linearity coefficient.

MCU: uniportador de calcio mitocondrial.

MME: membrana mitocondrial externa.

MMI: membrana mitocondrial interna.

NADH y NAD+: nicotinamida adenina dinucledtido (forma reducida y oxidada).
NADP: nicotinamida adenina dinucleétido fosfato.
NC: no capacitados.

02" : superoxido.

OMS: Organizacion Mundial de la Salud.

ONOQO': peroxinitrito.

PMM: potencial de membrana mitocondrial.

PS: plasma seminal.

RA: reaccién acrosémica.

RCR: indice de control respiratorio.

RNS: especies reactivas del nitrégeno.

ROS: especies reactivas de oxigeno.

SOD: superdxido dismutasa.

STR: straightness of trajectory.

TMRM: tetramethyl rhodamine methyl ester perchlorate.
TRA: tecnologias de reproduccién asistida.

VAP: average path velocity.

VCL: curvilinear velocity.

VSL: linear velocity.

WT: wild type, salvaje.

ZP: zona peldcida.



2. Resumen

La infertilidad conyugal es un problema de salud creciente a nivel mundial que afecta al 15% de
las parejas en edad reproductiva. El factor masculino solo o combinado con el femenino puede
ser responsable de la infertilidad conyugal hasta en un 50% de los casos. En un 30% de estos, las
causas se mantienen desconocidas considerandose una enfermedad de tipo idiopatica. Un
factor comun es la presencia de un alto nimero de espermatozoides defectuosos e incapaces
de fecundar en el eyaculado. La causa del aumento de espermatozoides defectuosos puede ser
multiple llevando a que los mecanismos celulares y moleculares sean dificiles de dilucidar.

Para adquirir su capacidad fecundante los espermatozoides deben completar un proceso en el
aparato reproductor femenino denominado capacitacién. Como resultado de la capacitacion,
los espermatozoides adquieren una forma especial de motilidad conocida como hiperactivacion
y la posibilidad de sufrir una reaccién acrosémica (RA) regulada. La entrada del ion calcio (Ca*?)
al flagelo a través de los canales CatSper es clave en este proceso. Se sabe ademas que las
especies reactivas del oxigeno (ROS) pueden regular la capacitacién espermatica, sin embargo,
la contribucién mitocondrial en el proceso es debatida.

La hipdtesis fue que durante la capacitacion hay un aumento en la actividad mitocondrial
mediada por la entrada de Ca*? a la mitocondria, que se traduce en un incremento en la
produccién de ROS que cumplen un rol modulador sobre la capacidad fecundante del
espermatozoide. Planteamos que el analisis de la funcion mitocondrial y la produccién de
oxidantes podria ayudar a mejorar el diagndstico del hombre infértil.

Para comprobar nuestra hipdtesis, primero estudiamos el incremento de la actividad
mitocondrial en el proceso de capacitacion y su rol en la fecundacién. Para ello, en colaboracion
con el laboratorio de la Dra. Santi de la Washington University, comparamos la actividad
mitocondrial en espermatozoides de raton no capacitados (NC) con capacitados (CAP) mediante
respirometro de alta resolucion (HRR) y medimos el potencial de membrana mitocondrial
(PMM) por citometria de flujo. Observamos un incremento de la funcién mitocondrial en los
espermatozoides CAP con respecto a los NC. Esto se vié acompafiado de un aumento de la [Ca*?]
mitocondrial dependiente de la actividad de los canales CatSper y uniportador de calcio
mitocondrial (MCU). Mostramos que estas modificaciones en la funcion mitocondrial son
necesarias para la hiperactivacién y por consiguiente la fecundacién en ratones. Nuestros
resultados apoyan que algunos de estos mecanismos son conservados en los espermatozoides
humanos.

Por otro lado, analizamos el rol de la mitocondria en la produccion de ROS durante la
capacitacion utilizando muestras de semen humanas diagnosticadas como normozoospérmicas.
Comparamos entre espermatozoides NC y CAP la funcidn mitocondrial mediante HRR donde
observamos un aumento en el indice de control respiratorio (RCR) en las muestras CAP y de la
respiracion no mitocondrial (en presencia de antimicina A (AA), inhibidor del complejo Ill de la
cadena respiratoria). Se determind la concentracion extracelular de perdxido de hidrégeno
(H20,), la cual fue tres veces mayor en espermatozoides CAP. Para confirmar si el aumento del
H,0, depende de la formacién de superdxido (O;* ) mitocondrial se midié la cantidad de
aconitasa mitocondrial (ACO2), su actividad y papel en el flujo metabdlico del ciclo de Krebs. Con
esta metodologia, observamos que las mitocondrias de los espermatozoides CAP producen 59
+ 22 % mas de 0," que los NC. No observamos cambios entre CAP y NC cuando se analizaron
blancos claves de dafio oxidativo como la peroxidacion lipidica (mediante Western blot para
hidroxinonenal) o la actividad de la succinato deshidrogenasa mediante HRR en
espermatozoides permeabilizados.



Por ultimo, observamos que en espermatozoides NC provenientes de muestras de semen que
presentan alteraciones en el espermograma, disminuye el RCR medido con HRR y aumenta la
produccién de H,0, con respecto a los espermatozoides NC de donantes normales. En ambos
métodos, utilizamos por primera vez curvas ROC (Receiver Operating Characteristic) para probar
su capacidad diagnédstica.

Tomados en su conjunto, estos datos demuestran que la mitocondria interviene en la regulacién
de la funcién del espermatozoide en condiciones normales durante la capacitacion modulando
la hiperactivacion y la produccion de O," en humanos. Ademas, el mecanismo estaria asociado
a un aumento de la concentracion de Ca™ mitocondrial. Finalmente, nuestros datos con
espermatozoides humanos provenientes de muestras alteradas sugieren que estos mecanismos
podrian estar afectados en individuos con infertilidad masculina. Postulamos que el estudio del
metabolismo mitocondrial podria ser una nueva herramienta para mejorar el analisis de semen
de rutina.



3. Introduccion
3.1. Infertilidad
3.1.1. Definicion e impacto

La infertilidad conyugal, segin la Organizacién Mundial de la Salud (OMS), consiste en la
incapacidad en las parejas para lograr el embarazo tras 12 meses o mas de relaciones sexuales
regulares sin proteccion'?. Aunque la infertilidad no compromete la integridad fisica del
individuo, esta puede tener un impacto negativo sobre el desarrollo del mismo, produciendo
estigmatizacion, dificultades econdmicas y frustracidn, debilitando su personalidad, ya que
muchas personas consideran la concepcién como un objetivo de vida®*. Se trata de un problema
creciente a nivel mundial como consecuencia del aumento de la edad de la pareja en el
momento de la concepcion, sumado a cambios en el estilo de vida y variaciones en factores
ambientales ademds de otros factores alin desconocidos®™. Se calcula que afecta al 15 % de las
parejas en edad reproductiva®. En el afio 2010 correspondia a 48,5 millones de parejas®*!. Como
solucién, las parejas infértiles tienen acceso a las tecnologias de reproduccion asistida (TRA)*2.
Actualmente se calcula que existen en el mundo mas de 8 millones de personas nacidas como
resultado de las TRA (datos reportados por: International Committee Monitoring Assisted
Reproductive Technologies ICMART, https://www.icmartivf.org).

En Uruguay la infertilidad adquiere un especial significado, donde segun los datos publicados por
el censo 2023 del Instituto Nacional de Estadistica, la poblacién uruguaya es de menos de tres
millones y medio de personas y en los uUltimos 12 afios ha crecido Unicamente un 1 %
(https://www.gub.uy/instituto-nacional-estadistica). Ademas, en solo 7 afios, la tasa global de
la fecundidad alcanzé lo que se denominan niveles ultra-bajos, reduciéndose de 2 a 1,27 hijos
por mujer y los nacimientos descendieron aproximadamente de 47 a 33 mil
(https://www.colibri.udelar.edu.uy/jspui/bitstream/20.500.12008/37645/6/DT%20UM-
PP%2011.pdf)®. A su vez, resultados publicados anteriormente por nuestro laboratorio
muestran que en los ultimos 30 afios la calidad del semen de la poblacion uruguaya ha ido
disminuyendo, en particular en lo que respecta a la concentracion y morfologia normal
espermatica®.

Por todo lo anterior, se trata de un tema de interés y preocupacion para el estado uruguayo, lo
qgue se ve reflejado en politicas recientes como la ley (N2 19.167) de reproduccion humana
asistida aprobada en el afio 2013, por medio de la cual el Fondo Nacional de Recursos financia
tratamientos de baja y alta complejidad de TRA. A su vez, en el afio 2022 el Parlamento aprobd
una norma para que pacientes oncoldgicos puedan acceder a métodos de conservacion de la
fertilidad. Los TRA, se tratan de procedimientos de alto costo que pueden alcanzar los 8000 USD
en nuestro pais (https://www.fnr.gub.uy). Actualmente, el Fondo Nacional de Recursos ha
financiado 5015 solicitudes que han resultado en 1799 partos (2.099 nacidos vivos)
(https://www.fnr.gub.uy). Esto quiere decir, que, a pesar del éxito de estas técnicas, mas de la
mitad de las parejas que buscan apoyo médico para la infertilidad no logran concebir y tener un
hijo al final de su atencién médica, teniendo las TRA una baja efectividad y por tanto una relacion
costo/beneficio baja.

Se postula que la principal razén de estos fracasos es que uno o ambos de los miembros de la
pareja produce gametos que no pueden sustentar la fertilizacidn y/o el desarrollo embrionario®®.
De hecho, la TRA no trata especificamente ni intenta esclarecer las causas subyacentes de la
infertilidad de la pareja, sino que intenta superar esta condicion con el objetivo de lograr el
embarazo. En consecuencia, cuando los defectos en los gametos no pueden ser eludidos por las
técnicas actualmente propuestas, la TRA fracasa. Para tratar realmente la infertilidad, se plantea
gue un primer paso seria obtener una mejor comprension de la fisiologia de los gametos para



conocer cudles mecanismos se encuentran alterados en los pacientes que no logran el
embarazo®. Este tipo de enfoque deberia aumentar la probabilidad de adoptar la mejor
estrategia para los pacientes afectados y, si es necesario, deberia guiar el desarrollo de terapias
innovadoras.

3.1.2. Infertilidad masculina y estudio del hombre infértil

Al evaluar los posibles origenes de la infertilidad conyugal, se ha visto que las causas masculinas
pueden superar el 50 % de los casos’'®. Aunque tradicionalmente no se ha enfatizado la
contribuciéon masculina a la infertilidad en las parejas, se estima que corresponde aun 30 %y en
un 20 % adicional se combinan ambos factores, pudiendo el factor masculino estar involucrado
en un 50 % de los casos*!>17/18,

Multiples afecciones en el hombre pueden producir alteraciones en la producciéon y calidad del
semen provocando infertilidad. Se describen: causas espermaticas congénitas o adquiridas (ej.
alteraciones tubulares) y no espermdticas (ej. obstruccidon de las vias espermaticas)®. Los
determinantes no genéticos de la infertilidad incluyen: varicocele, criptorquidia, hipogonadismo
hipogonadotréfico, anomalias estructurales de las vias espermaticas, infecciones genitales,
cirugias pélvicas previas, varicocele, disfuncion eyaculatoria/sexual, cancer, enfermedades
sistémicas, exposicion a medicamentos o toxicos, factores ambientales y causas
inmunoldgicas!>161,

El método paraclinico mas utilizado y punto de partida en el diagndstico de la infertilidad en el
varén es el espermograma convencional?. En este se analizan las caracteristicas fisicas y
guimicas del semen y se determinan: caracteristicas macroscépicas (volumen, olor, color,
viscosidad y pH), el estudio cito-morfo-dinamico de los espermatozoides (concentracion,
motilidad, vitalidad y morfologia), asi como la presencia de otros tipos celulares en el
eyaculado!. Los resultados obtenidos son evaluados utilizando valores de corte vy
recomendaciones establecidas por la OMS para catalogar a un hombre como infértil (Tabla 1)*2.
Aquellas muestras que todos sus valores se encuentren dentro de los limites establecidos se
diagnostican como normozoospérmicas. Se considera oligozoospermia cuando la concentracion
de espermatozoides es menor a 15 millones/mL, astenozoospermia cuando menos de un 32 %
de los espermatozoides poseen una motilidad progresiva y teratozoospermia cuando el
porcentaje de espermatozoides normales es menor al 4 %. Finalmente, existen combinaciones
de las distintas patologias, por ejemplo: astenoteratozoospermia®.

Es de especial interés para esta tesis el estudio de la motilidad. La misma se clasifica en
progresiva rapida (tipo a), progresiva lenta (tipo b), no progresivos (tipo c) e inmdviles (tipo d)*.
En nuestro caso hemos utilizado sistemas computarizados para clasificar los espermatozoides
segun su motilidad y medir las diferentes variables cinéticas y trayectorias de cada célula por
separado (Sperm Class Analyzer® system -CASA). Algunas mediciones de motilidad que el equipo
permite obtener son la: VCL (Curvilinear Velocity), VSL (Linear Velocity), LIN (Linearity
Coefficient), ALH (amplitude of lateral head displacement) y VAP (Average Path Velocity) (Figura
1) ¥2°, Las mismas son importantes para describir patrones caracteristicos de motilidad como la
hiperactivaciéon 2.



TABLA 1. Limite del intervalo de referencia para la fertilidad natural segiin la OMS 2010 (quinta edicion)
y OMS 2021 (sexta edicién)’2. Principales parametros. Nivel de confianza 95%.

Variables espermaticas Cut-off 2010 Cut-off 2021
Volumen seminal (mL) > 1,5 > 1,4

pH 7,2-8,2 6-10
Concentracién espermatica (millén/mL) >15 >15
Espermatozoides con motilidad progresiva =32 230

(a+b) (%)

Morfologia espermatica (%) 24 24
Vitalidad espermatica (%) 258 254

Células redondas (millén/mL) <1 <1

Un porcentaje significativo de pacientes poseen espermogramas normales pero infertilidad
inexplicada, sugiriendo la existencia de deficiencias funcionales en el espermatozoide necesarias
para la fecundacion que no son detectadas por el espermograma clasico??. Por esta razon, la
OMS propone procedimientos opcionales como por ejemplo: el estudio del daino del ADN,
pruebas de estrés oxidativo, swim up, evaluacién de RA inducida, entre otras*?. En otros casos
de infertilidad se detectan valores alterados en el espermograma, pero no es posible dilucidar
las causas manteniéndose desconocidas??. Entre un 30-40% de los casos la infertilidad masculina
es una enfermedad de tipo idiopatica?. Un factor comun es la presencia de un alto nimero de
espermatozoides defectuosos e incapaces de fecundar en el eyaculado®>?%. La causa del
aumento de espermatozoides defectuosos puede ser multiple llevando a que los mecanismos
celulares y moleculares sean dificiles de dilucidar.

Por tanto, si bien el espermograma aporta informacion importante sobre el paciente
(espermatogénesis, funcionalidad espermatica, funcionamiento de las glandulas anexas,
permeabilidad de la via, existencia de infeccién o inmunidad, androgenicidad), por si solo no es
diagndstico de fertilidad ni de infertilidad, menos aun sirve para dirigir al médico a las causas ni
a un posible tratamiento de la patologia?*?>. Los resultados deben ser interpretados en
términos de probabilidad, en conjunto con la historia clinica, datos de la pareja y demas
exdmenes pertinentes (exdmenes fisicos, evaluacién hormonal, cariotipica)®.

Esta situacion limita gravemente las estrategias de tratamiento para rescatar la fertilidad, por lo
que la inclusion de pruebas avanzadas de laboratorio en el andlisis de semen de rutina puede
ayudar a diagnosticar con precision la infertilidad masculina. Probablemente, este problema sea
reflejo de la falta de conocimiento que se tiene con respecto a las causas y a la fisiopatologia de
dicha afeccién®.

3.2. Espermatozoides
3.2.1. Desarrollo y estructura

Se trata de una célula haploide, producida mediante un proceso de divisidn y diferenciacion
denominado espermatogénesis (Figura 2)%*?. La produccidn de espermatozoides a partir de las
espermatogonias ocurre en los tibulos seminiferos en el testiculo®?8. La espermatogénesis
comienza en la pubertad bajo la influencia de concentraciones cada vez mayores de
gonadotrofinas hipofisarias y continta durante toda la vida del individuo?®?’. Puede dividirse en
tres fases: mitosis y diferencion de espermatogonias, meiosis de espermatocitos (reduccién del
numero de cromosomas) y espermiogénesis, donde los espermatides redondeados se
transforman en una forma mas alargada?®%°. Por tanto, el proceso implica la reduccién del




contenido genético y la compactacion del nucleo, asi como la generacion de otras estructuras
importantes para cumplir su funcién?®?’. Estos eventos son acompafiados de una pérdida de la
mayor parte del contenido citoplasmatico, resultando una célula pequefia de 60 um de longitud
en el humano %,

El espermatozoide humano maduro es una célula polarizada con una estructura de cabeza
nuclear en un extremo y un flagelo en el otro (Figura 3.A)*®?. Su cabeza es aplanada y
puntiaguda y mide 4,5 pm de largo por 3 pm de ancho por 1 um de espesor?®?8, Esta ocupada
casi por completo por el nucleo condensado. Interpuesto entre el nucleo y la membrana
plasmatica, se encuentra la vesicula acrosomal, una vesicula que contiene enzimas como la
acrosina, hialuronidasa y fosfatasa acida, que degradan proteinas y glicidos complejos
permitiendo la penetracion de la membrana peltcida del ovocito?®3!. La misma se origina a
partir del aparato de Golgi y cubre dos tercios anteriores de la cabeza, de manera que su
membrana interna queda adherida a la envoltura nuclear®. Por detras del acrosoma existe una
fina capa densa de ultraestructura caracteristica, interpuesta entre las membranas plasmatica y
nuclear?®. Esta capa se denomina ldmina densa postacrosomal®®3%3!, E| flagelo se subdivide en:
cuello, pieza intermedia, principal y terminal (Figura 3.A)?*3233, E| cuello corto contiene los
centriolos y el origen de las fibras gruesas?®*. En este sector también se puede observar una
pequefia masa bulbosa de citoplasma residual que se llama gota citoplasmatica®®?’. La pieza
intermedia es de alrededor de 7 um de longitud y contiene un gran nimero de mitocondrias
dispuestas en forma helicoidal alrededor de las fibras gruesas y el complejo axonémico (Figura
3.B)%33, El axonema estd formado por microttibulos que emanan a partir de un centriolo
localizado en la base del nticleo del espermatozoide®*33, La pieza principal mide alrededor de 40
um de longitud y tiene un espesor de 0,5 um; contiene la vaina fibrosa por fuera de las fibras
gruesas y del complejo axonémico (Figura 2.B)?’. La pieza terminal, que corresponde més o
menos a los Ultimos 5 um del flagelo sélo contiene el complejo axonémico (Figura 3.B)%%%7:32,
Una vez formados los espermatozoides estos son liberados a la luz del tubulo mediante el
proceso denominado espermiacion®.

La correcta estructura del espermatozoide es un requisito esencial para la fecundacién, ya que
alteraciones en la misma pueden llevar a que el espermatozoide no alcance el ovocito debido a
gue se afecte su motilidad, a la fragmentacién del ADN debido a una mala compactacion del
mismo o a la alteracién de procesos claves como la capacitacion®*3>. Por lo que los defectos
estructurales en el espermatozoide se asocian con la infertilidad masculina®33-%,

FIGURA 1: Esquema de algunos de las variables de velocidad
del espermatozoide obtenidos mediante el sistema CASA.
Figura extraida del siguiente articulo®. VCL=Curvilinear
Velocity, BCF= beat cross frequency, VAP= Average Path
ALH  Velocity, ALH= amplitude of lateral head displacement, VSL=
linear velocity. Pardmetros calculados: LIN=linearity
* o > coefficient= VSL/ VCL x100 y STR= straightness of
trajectory=VSL/VAP x100%°.

VAP*
BCF
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3.2.2. Funcidn: maduracion y capacitacion

El espermatozoide es el gameto masculino. Su principal funcion es transmitir el genoma paterno
a la nueva generacion®’. Esto se realiza mediante un proceso denominado fecundacién, que en
condiciones in vivo en los mamiferos implica el desplazamiento del espermatozoide hasta el
oviducto para encontrarse con el ovocito**. Para que la fecundacién sea exitosa los
espermatozoides deben ser capaces de moverse progresivamente desde el cérvix al oviducto y
poder penetrar el ovocito?®?’. Ambas capacidades las adquieren mediante dos procesos
denominados: maduracién y capacitacion espermatica, que ocurren en momentos y sitios
diferentes?®?’.

Los espermatozoides abandonan los tubulos seminiferos siendo inmdviles. Su transporte lo
realizan en un liquido secretado por las células de Sertoli ayudados por las contracciones
peristélticas de las células peritubulares contractiles?®?’. Su trayecto es hacia los tubulos rectos,
que se anastomosan formando la rete testis y luego se conectan con las vias espermaticas extra-
testiculares?®. Durante dos semanas (en el humano) permanecen en el epididimo donde,
mediante moléculas disueltas en su luz, los espermatozoides realizan el proceso de maduracion.
Esto es llevado a cabo mediante la adicidén, eliminacion o modificacion de moléculas en el
espermatozoide, que les otorga la capacidad de moverse de forma progresiva'*?’. Ademas, la
cabeza del espermatozoide se modifica por adicion de colesterol y glucoconjugados
(importantes para la penetracion de la zona pelicida (ZP)) y se asocia a la superficie el factor
descapacitante proveniente del liquido epididimario!*?®*’. Este proceso, denominado
descapacitacién, inhibe de manera reversible la capacidad fecundante del espermatozoide?®.
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Estos cambios evitan que la RA, es decir la fusidon de la vesicula acrosomal con la membrana
plasmética, se produzca antes de encontrarse en el tracto reproductor femenino!?2%%7,

El eyaculado esta constituido por los espermatozoides y el plasma seminal (PS), producido por
las células de las vias espermaticas y la secrecidn de las glandulas sexuales anexas®. E| PS aporta
nutrientes como la fructosa y moléculas importantes para cumplir su funcién (ej. fibrinolisina-
sirve para la licuefaccion del semen, prostasomas aumentan la disponibilidad de Ca*?, péptido
promotor de la fertilizacién, entre otras)*®*°. Ademas, posee una gran capacidad antioxidante
protectoray un pH alcalino que contribuye a neutralizar el pH acido de la uretra y la vagina34%41,
Los espermatozoides eyaculados se desplazan por el Utero con una velocidad de 3-4 mm/min
en direccién hacia la trompa uterina alcanzandola en mdas o menos 1 hora en el humano?®. Unos
200 espermatozoides permanecen en el sitio con capacidad fecundante hasta 4 dias?®. Se
propone que los espermatozoides humanos capacitados pueden realizar movimiento
quimiotdctico utilizando gradientes de progesterona3’4244,

Sin embargo, los espermatozoides de mamiferos recién eyaculados no son aptos para fecundar.
Durante su migracion, estos deben sufrir ciertos cambios bioquimicos y funcionales en la cabeza
y el flagelo conocidos como capacitacion (Figura 4)?7374>%, Como resultado de la capacitacion
los espermatozoides presentan dos claras manifestaciones celulares: la hiperactivacion vy la
exocitosis del acrosoma de forma regulada*’~*°. Sin embargo, no existe un marcador definido de
la capacitacion®”#>*°, La hiperactivacién consiste en un cambio de una motilidad de tipo
progresiva a una con un patron de latido flagelar asimétrico, de alta amplitud y velocidad que
determina una trayectoria no progresiva que les facilita la penetracién de la matriz del cimulo
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odforo y la ZP*¥™%. Ademds, existe evidencia de que la hiperactivacién ayuda a los
espermatozoides a nadar a través de sustancias viscoelasticas en el tracto reproductivo
femenino y desempefia un papel en el desprendimiento de los espermatozoides de las células
epiteliales en el oviducto®?. Por otro lado, la RA consiste en |a liberacién del contenido acrosomal
por exocitosis al exterior celular®!. Este contiene enzimas que colaboraran en la penetracién de
la matriz extracelular que rodea al ovocito®**°. Tradicionalmente se aceptaba que el contacto
del espermatozoide con la matriz extracelular del ovocito o la ZP desencadenaba la RA (Figura
4). Sin embargo, evidencias recientes utilizando live imaging en espermatozoides de ratén que
expresan GFP en el acrosoma, mostraron que la unién a la ZP no es suficiente para inducir la
RA%®. Unicamente un 5 % de los espermatozoides que llegan a laampolla de la trompa de falopio
(sitio donde se da la fecundacién) tienen el acrosoma intacto, por lo que sufren la RA antes de
unirse a la ZP°®. La RA resulta en una redistribucién de las proteinas de membrana y en la
exposicién de un nuevo dominio de membrana en la superficie celular permitiendo la unién a la
ZP ya sea por la ahora expuesta membrana acrosomal interna o la membrana plasmatica®’°® .
Se ha observado que si alguno de estos dos indicadores de capacitacién (hiperactivacidon y RA)
falla la fecundacion no se lleva a cabo®.

Estos cambios funcionales implican varias modificaciones a nivel molecular®”®, Durante el
transporte hasta el ovocito existen diferentes concentraciones de iones que modifican la funcién
del espermatozoide y derivan en la capacitacion®®®®2, Los espermatozoides son
transcripcionalmente inactivos, por lo que juegan un rol importante en estas modificaciones las
fosfatasas, quinasas, transportadores y canales de iones, lipidos y otras proteinas especificas del
espermatozoide3”45464863 Dyrante la capacitacion existe pérdida del colesterol de la membrana
plasmatica con aumento de la fluidez de la misma y cambios en la permeabilidad idnica, que
resultan en un aumento del pH intracelular y en una hiperpolarizacién de la membrana
plasmatica3”4>466184 E| canal SLO3, sensible al pH, juega un rol clave en el cambio del potencial
de la membrana bombeando potasio (K*) al exterior de la célula® . Ademas, ocurre un
aumento en la [Ca%] intracelular mediado por el canal CatSper (también sensible al pH), que
importa Ca?* extracelular al interior del flagelo®>°%%*%7, Ambos canales son especificos del



espermatozoide y se ubican en la pieza principal del flagelo® . Estas modificaciones

moleculares derivan y producen cascadas de sefializacién complejas donde aumenta la actividad
de la adenilato ciclasa, incrementando la producciéon de AMP ciclico, que a su vez activa la
proteina quinasa A que genera un aumento en la fosforilacidn en tirosina de muchas proteinas,
probablemente claves en los fendmenos de la capacitacion374>48:5468,

La capacitacién se puede lograr in vitro, incubando (1-2 hs ratén o humanos 4-12 hs) a los
espermatozoides en medios que remeden la composicidn de iones y metabolitos presentes en
el tracto genital femenino®*>4748 Esencialmente necesita de Ca%*, bicarbonato, una fuente de
proteina y una fuente de energia (piruvato, glucosa, lactato)®. La fuente de proteina, en general
albumina de suero bovino (BSA), induce cambios en los niveles de colesterol de la membrana
plasmética, causando cambios en su fluidez y aumentando la permeabilidad a Ca®" vy
bicarbonato®®7°, La omisién de alguna de estas moléculas en la incubacién espermatica
disminuye su habilidad para adquirir la capacidad fecundante®’.

A pesar de la extensa investigacion, los cambios metabdlicos que se producen durante la
capacitacién son controvertidos y parecen ser especie-especificos®. Desde un punto de vista
molecular, la mejor caracterizacién de la capacitacion se realizd en el ratén dado las ventajas
que ofrece el modelo. Posteriormente, se han explorado estos descubrimientos en otras
especies pero las bases celulares y moleculares de la capacitacidon en el humano son aun poco
conocidas?!. Un aspecto que ha ganado atencién recientemente es el rol de la mitocondria en el
mismo, dado que muchas evidencias indican que se trata de un proceso de regulacion redox,
que necesita mayor cantidad de ATP e involucra un importante flujo de CaZ*>°>97%,

3.3. Mitocondrias
3.3.1. Estructura y funciones

Las mitocondrias son organelos de las células eucariotas compuestos por dos membranas no
contiguas con funciones diferentes: la membrana mitocondrial externa (MME) y la interna
(MMI) (Figura 5)72. La MME participa en el intercambio de pequefias moléculas e informacién
entre la mitocondria y el resto de la célula’?”3. La MMI presenta invaginaciones denominadas
crestas que aumentan su superficie y estd enriquecida de proteinas involucradas en la
fosforilacién oxidativa, fusién mitocondrial y sintesis y transporte de proteinas’®. Entre las dos
membranas se encuentra el espacio intermembrana y en el interior de la MMI se encuentra la
matriz mitocondrial’>”’>. Mientras que la MME es altamente permeable, la MMI tiene una
permeabilidad selectiva, y separa los intermediarios y enzimas de las rutas metabolicas
citosdlicas de los de los procesos metabolicos que ocurren en la matriz’>’*7°, Esta propiedad es
esencial para el desarrollo de sistemas de transporte especificos que regulan el movimiento de
moléculas hacia y desde las mitocondrias’747>,

El transporte de electrones a lo largo de los cuatro complejos (nombrados del | al 1V) ubicados
en la MMI libera energia acoplada a la salida de protones desde la matriz al espacio
intermembrana (Figura 6)’>74. Este movimiento genera un gradiente electroquimico, utilizado
por la ATP sintasa (complejo V) que permite el ingreso de protones (H*) a la matriz sintetizando
moléculas de ATP’*. Los electrones que entran en la cadena de transporte provienen de
moléculas de NADH y FADH, producidos en la glucdlisis, oxidacion del piruvato y el ciclo de
Krebs’®74, El aceptor final de H* es el oxigeno que sufre una reduccidn tetravalente a agua a nivel
de la citocromo oxidasa’®>’*. La membrana interna mitocondrial posee transportadores
especificos que permiten la entrada a la matriz del piruvato, 4cidos grasos, aminoacidos o
derivados alfa-ceto’®”4. De la misma forma el ADP y el fosfato son transportados hacia el interior
de la matriz al mismo tiempo que se transporta al exterior el ATP producido’>74,
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Si bien su funcion fisiolégica predominante es suministrar energia en forma de ATP, las
mitocondrias desempefian muchas otras funciones que son vitales para la célula. Entre estas,
las mitocondrias proporcionan intermediarios metabdlicos para la biosintesis de
macromoléculas, sefializan para vias la apoptosis, producen ROS que sirven como segundos
mensajeros y regularla [Ca?"] intracelular (matriz citoplasmatica y mitocondrial)’®’””. Por ende,
se encuentran involucradas en multiples procesos vitales para la célula. Un funcionamiento
anormal de alguno de los procesos en los que actua la mitocondria se podia catalogar como
disfuncién mitocondrial, pudiendo ser la causa de diversas enfermedades’ %78, Por tanto, el
estudio correcto de la funcion mitocondrial se ha convertido en una preocupacion para la
investigacion en busqueda de herramientas que ayuden al estudio de estas enfermedades como
para el diagndstico de enfermedades mitocondriales primarias’®.

3.3.1.1. Funcién de la mitocondria en la homeostasis del calcio (en
células somaticas)

El Ca®* juega un papel crucial en la produccién de energia y en los procesos de sefializacién
intracelular, ademas de influir en el destino de la célula al inducir o prevenir la apoptosis’®. Para
gue estos procesos se lleven a cabo adecuadamente, es esencial regular las concentraciones de
este cation tanto fuera como dentro de la célula, ya que su desregulacion podria llevar a la
muerte celular’”7%8%, Existen varios sistemas que cooperan para regular la liberacién de Ca?* de
almacenes intracelulares y/o del influjo del idn a través de la membrana plasmatica permitiendo
a la célula mantener concentraciones adecuadas y garantizar el correcto funcionamiento de los
sistemas metabdlicos intracelulares’”””°. La concentracidn de Ca** en el citosol es alrededor de
100 nM, unas 10.000 veces menor que en el espacio extracelular, aunque este puede aumentar
hasta 1-3 pM ante diferentes estimulos’®. Esto se debe a que la concentracién de Ca®* estd
controlada por diferentes mecanismos que incluyen ATPasas, transportadores de Ca?*,
intercambiadores de Na*/Ca?"y proteinas de unién’”798, Los niveles subcelulares de Ca%* varian;
en los orgénulos intracelulares, conocidos como almacenes de Ca?*, siendo la concentracién de
este ion es mayor que en el citoplasma (1-5 x 10™* M)’?#%, Sj bien el principal almacén interno
de Ca? se encuentra en el reticulo endopldsmico vy, en las células musculares, en el reticulo
sarcoplasmatico, las mitocondrias también juegan un rol central en la homeostasis del Ca%*
celular 770,

El ciclo del Ca*? a través de MMI utiliza la corriente de H*, el transporte de metabolitos y otras
reacciones como la NADH/NADP transhidrogenasay laimportacion de proteinas’®. Mientras que
la MME es altamente permeable al Ca?*gracias a la presencia del canal anidnico dependiente de
voltaje, la MMI es impermeable y se requieren canales y transportadores
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FIGURA 6: Esquema de las dos principales vias metabélicas y su ubicacién en el espermatozoide. Lugar
donde actuan los diferentes inhibidores y el desacoplante FCCP (carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone). OXA= oxamato, 2-DEOX= 2-Deoxyglucosa. Realizado en Biorender.

especializados para permitir su captacién®. La entrada de Ca?* en la matriz mitocondrial esta
mediada por un canal iénico, el MCU (mitocondrial calcium uniporter) 8. Recientemente, se ha
sugerido que las mitocondrias pueden expresar mas de un MCU y se ha propuesto una via
alternativa de entrada de Ca®, un anti puerto de Ca?/H*®2. La entrada de Ca?* a través de la MCU
estd impulsada por el PMM (dentro negativo; AWm) que existe a través de la MMI®. Dado que
la [Ca?*] citosdlico en estado de reposo es de alrededor de 100 nM y el PMIM debido a la actividad
de la cadena respiratoria es de ~-180 mV, la prediccidn es que, en equilibrio electroquimico,
[Ca?*] mitocondrial podria alcanzar valores tan altos como 0,1 M3,

La captacién de Ca?* mitocondrial se consideré como un mecanismo de reservorio que se pone
en accién cuando se producen elevaciones patoldgicas de Ca?* citosélico®:. Sin embargo, el
metabolismo oxidativo mitocondrial fisioldgico depende de la [Ca?*] en la matriz mitocondrial
ya que la actividad de enzimas mitocondrias estan reguladas por el Ca?*3+8, E| Ca?* actUa tanto
en el espacio intermembrana mitocondrial, regulando la actividad de los transportadores de
sustratos, como en la matriz, estimulando el ciclo de Krebs, la formacién de NADH v,
consecuentemente, la actividad de la cadena respiratoria, aumentando la produccién de ATP®L,
Se describié que cuatro deshidrogenasas mitocondriales estan reguladas por Ca?*®#3, Una de
ellas, es la deshidrogenasa de FAD-glicerol fosfato, que se encuentra en la membrana interna y
detecta el Ca?* en el espacio intermembrana, mientras que las otras tres son enzimas
importantes para el ciclo de Krebs que detectan el Ca?* de la matriz: la fosfatasa de la
deshidrogenasa del piruvato, la enzima que modula la actividad de la piruvato deshidrogenasa;
la isocitrato deshidrogenasa y la oxoglutarato deshidrogenasa® 8. La estimulaciéon mediada por
Ca?* de estas enzimas conduce a que se regenere NAD+ a NADH y FAD a FADH,, lo que resulta
en una mayor actividad de la cadena respiratoria, incrementando el metabolismo mitocondrial




y la produccién de ATP®!. Recientemente se reportd que el Ca?* puede actuar directamente
modulando la cadena de transporte de electrones (en particular la actividad de los complejos |,
Iy lll) y la ATP sintasa para acelerar la respiracién®. Ademas de modular el metabolismo
mitocondrial en la matriz, el Ca?* también tiene un papel en la regulacién de los transportadores
de nucleédtidos, metabolitos y cofactores®?.

Es importante aclarar que una captacién excesiva de Ca?* mitocondrial modula la muerte celular
apoptdtica, sensibilizando el orgdnulo a los estimulos apoptdticos® 8!, En condiciones
fisiolégicas, la transferencia de Ca?* a las mitocondrias es adecuada y esencial para la
funcionalidad mitocondrial y no induce la apertura del poro de transicion de permeabilidad; este
proceso, junto con la liberacion de citocromo c y la activacidn de la cascada apoptotica, ocurre
cuando las mitocondrias absorben una gran cantidad de Ca?*®.. Por esta razén, las mitocondrias
también estan dotadas de moléculas de extrusion de Ca?*, los intercambiadores Na*/Ca?* (NCLX)
y H*/Ca**(mHCX), que exportan Ca?* fuera de las mitocondrias y restringen la acumulacién de
Ca?" dentro de la matriz, manteniendo asi la homeostasis de Ca?* mitocondrial®.

3.3.1.2. Funcidn de la mitocondria en la formacion de ROS (en células
somaticas)

En las células eucariotas, las mitocondrias, el sistema enzimatico del citocromo P450 (CYP450),
los peroxisomas, la xantina oxidasa y las NADPH oxidasas son las principales fuentes de ROS. Sin
embargo, la mayor produccién de estas especies ocurre en las mitocondrias que generan
aproximadamente el 90% de las ROS celulares’*#*85, En condiciones fisioldgicas, en el entorno
del 0,2-0,5% del oxigeno molecular, sufre una reduccién parcial por un electrén a nivel del
complejo | (tanto por transporte directo como inverso de electrones), complejo Il y las flavo-
deshidrogenasas, formando el anién superéxido (0,*) (Figura 7)2*%°. Aunque los complejos | y
Il son los principales sitios de produccion en las mitocondrias, el Complejo Il puede producir
ROS en menor medida’*84#°, El sitio FAD del Complejo Il puede producir O, hacia la matriz®>°1,
La formacidn del radical libre O," aumenta frente a un dano o en presencia de inhibidores de la
cadena respiratoria como la AA (inhibidor del complejo Ill) (Figura 7)’%°*%2, Las mitocondrias
regulan la produccion de ROS a través de varios mecanismos, incluyendo la modulacién del
PMM, el estado redox de los complejos de la cadena de transporte de electrones y la
disponibilidad de oxigeno®>%2,

El O," se trata de una ROS primaria que es capaz de interactuar con otras moléculas formando
ROS secundarias, ya sea directamente o en procesos catalizados por enzimas o metales’#%%%, |3
mitocondria posee enzimas antioxidantes, por un lado la superdxido dismutasa de manganeso
(SOD2, MnSOD) en la matriz y de cobre y zinc (SOD1, CuZnSOD) en el espacio intermembrana
qgue cataliza la dismutacion del O, formando peréxido de hidrégeno (H,0,, otra especie
oxidante), que difunde a través de las membranas bioldgicas®”°%%9 SOD1 también se
encuentra presente en el citoplasma®>®*4, El H,0, formado puede ser téxico; por lo tanto, se
degrada con la intervencion de enzimas especificas (dentro o fuera de la mitocondria) como la
catalasa, la tiorredoxina peroxidasa y la glutation peroxidasa. La tirorredoxina peroxidasa y la
glutatién peroxidasa utilizan glutatién reducido y tiorredoxina como sustrato, respectivamente,
para reducir el H,0, a agua’*%3, El glutatién oxidado y la tiorredoxina luego son reducidos por
la glutation reductasa y la tiorredoxina reductasa, respectivamente, utilizando NADPH como
sustrato’#9%%3,

Por otro lado, cuando un ién ferroso transfiere un electrén al H,0,, se forma otra ROS que es el
radical hidroxilo ("OH) el cual es la Unica especie capaz de dafiar directamente la mayor parte de
las biomoléculas®®®. El 0, formado en la mitocondria también puede reaccionar con 6xido



nitrico a concentraciones equimolares (k= 1010 Ms?) formando peroxinitrito (ONOO’), una
especie altamente oxidante y nitrante®. El ONOO" se puede formar dentro de la mitocondria ya
gue el 6xido nitrico producido en la reaccién catalizada por la éxido nitrico sintetasa (citosdlica)
difunde a través de las membranas y se encuentra en el sitio especifico de formacion de O, en
la cadena respiratoria®®°*. Otra de las enzimas antioxidantes es la peroxirredoxina 3 la cual
reduce el peroxinitrito (ONOO')®1838  E| ONOO" estd en equilibrio con su forma protonada, el
acido peroxinitroso siendo su pKa de 6,8, por lo que, en condiciones fisioldgicas, ambas formas
estaran presentes®” %, El 4cido peroxinitroso puede descomponerse por homdlisis, formando el
radical didxido de nitrégeno ("NO;) y "OH"8, Las especies reactivas del nitrégeno (RNS) son las
moléculas derivadas del 6xido nitrico, el cual es producido en los tejidos bioldgicos por enzimas
denominadas 6xido nitrico sintasas®’. Por Ultimo, otra de las especies oxidantes que juega un
papel importante en interaccién con las RNS, es el radical carbonato®. Su formacién ocurre en
presencia de ONOO" y diéxido de carbono (CO,), por lo que podria generarse en muchas
condiciones bioldgicamente relevantes®.

Las ROS desempeiian un papel importante en el funcionamiento normal celular, participando
en la sefalizacidn de procesos celulares (a través de la regulacion redox de la fosforilacién de
proteinas, canales idnicos y factores de transcripcion), en la eliminacion de patdgenos por el
sistema inmune y procesos de biosintesis pero también son conocidas por estar asociadas a
multiples enfermedades®. Una enfermedad asociada a ROS puede deberse a una falta de ROS
(ej., enfermedad granulomatosa croénica, ciertos trastornos autoinmunes) o a un exceso de ROS
(p. €j., enfermedades cardiovasculares, neurodegenerativas, cancer, diabetes e infertilidad).
76100-102 "F| estrés nitro-oxidativo se define como la pérdida del equilibrio entre oxidantes y la
capacidad de los sistemas bioldgicos de detoxificar los reactivos intermedios o de reparar el
dafio resultante®>1%® . Los radicales libres son especies quimicas de vida media corta que poseen
uno o mas electrones desapareados. Son por lo general inestables, tienden a ser altamente
reactivos. Los mismos son agentes muy oxidantes capaces de interaccionar con moléculas como
aminoacidos, lipidos, proteinas, enzimas y cofactores de enzimas, afectando su funcién?103104,
Por ejemplo, las ROS desencadenan cascadas de peroxidacion lipidica que generan aldehidos de
masa molecular pequefia, como la acroleina, el malondialdehido y el 4-hidroxinonenal (4-
HNE)%-197 Estas moléculas poderosamente electréfilas se unen covalentemente a proteinas en
los residuos como la histidina, lisina y cisteina en las proteinas!?’. La secuencia de eventos
incluye la peroxidacion lipidica, pérdida de integridad de la membrana con aumento de
permeabilidad, dafio estructural del ADN vy, finalmente, apoptosis’#°>1%, Un analisis de las
proteinas que se unen preferentemente a estos aldehidos reveld que afectan especialmente a
las proteinas mitocondriales, un blanco clave que se ve afectado por estas modificaciones es la
succinato deshidrogenasa, perpetuando la produccién de ROS por la cadena de transporte de
electrones!®®. El delicado balance entre los efectos perjudiciales y beneficiosos de los radicales
libres es un aspecto muy importante para los seres vivos y es mantenido mediante mecanismos
denominados de “regulacion redox”. Estos procesos protegen a los organismos y mantienen la
“homeostasis redox” controlando el estado redox &.

3.3.2. Mitocondrias espermaticas

Si bien los espermatozoides pierden la mayor parte de sus organelos y contenido citoplasmatico
durante la espermatogénesis, conservan un importante nimero de mitocondrias (varia segun
especies, entre 50-75 mitocondrias)'®*°, A medida que la espermatogénesis progresa hacia
etapas mas avanzadas, las mitocondrias sufren una transformacidon para volverse mas
condensadas, alargadas vy eficientes en la fosforilacién oxidativa'*!. Su morfologia es diferente
a las de las células somaticas?’. Estas se disponen, unidas por puentes disulfuro formando una
vaina helicoidal compacta por fuera de las fibras densas del flagelo (Figura 8)'!2. Se encuentran
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FIGURA 7: Esquema de la produccién de especies reactivas del oxigeno y del nitrégeno (ROS y RNS,
respectivamente) a nivel de la cadena de transporte de electrones de la mitocondria. Como resultado
de la reduccidn parcial de oxigeno principalmente a nivel de los complejos | y I, se genera superéxido
(02"), una ROS primaria. El O;" mediante la accién de las enzimas superdxido dismutasas (SOD),
dismuta rapidamente en perdxido de hidrégeno (H20.), una ROS mas estable y capaz de transportarse
a través de las membranas. El H,0; es rapidamente removido por sistemas antioxidantes como: 1)
catalasa, lo descompone en agua (H,0) y oxigeno (O.), 2) glutation peroxidasa, GPX-Px, utiliza como
sustrato glutation reducido (GSH) resultando en H,O y glutation oxidado (GSSG), 3) tiorredoxina
peroxidasa, TDX-Px, utiliza tiorredoxina (TrxSH) como sustrato, resultando H,O y tiorredoxina oxidada
(TrxS). Ademas, el H,0, puede interaccionar con el hierro (Fe?*) y formar el radical hidroxilo (*OH). Las
6xido nitrico sintasas (NOS) son enzimas clave para la produccién y la regulacién del éxido nitrico (NO®),
el cual interacciona con el O," formando el peroxinitrito (ONOO) y su forma protonada (ONOOH). Las
peroxirredoxinas (PRDX) utilizan grupos tiol (-SH) para reducir H,0, y ONOO™ en H,O. Si bien las enzimas
antioxidantes en el esquema se representan en el citosol también hay catalasas, GPX, GSH y PRDX
dentro de la mitocondria. Figura realizada en Biorender segtin referencia''“.

conectadas por conectores intermitocondriales y ancladas al citoesqueleto mediante
disposiciones ordenadas de proteinas en la membrana mitocondrial externa?®!2!13, |os
mecanismos que generan y mantienen su disposicion organizada se desconocen con
exactitud®®.

Las mitocondrias espermaticas poseen proteinas especificas que modulan la funcion de la célula
en los diferentes estadios del proceso de fertilizacién'®. Se han identificado muchas proteinas
implicadas en la capacitacién, en la organizaciéon de la cola, la transduccién de sefiales,
chaperonas y proteinas de canales idnicos!?®. Existen evidencias que indican que la morfologia y
funcién mitocondrial son importantes para la actividad de esta célula, lo que se relaciona
consistentemente con la infertilidad masculina, mostrando en muchos casos una correlacion con
los pardmetros del semen 1167120 Sj bien, se ha visto que la funcién mitocondrial espermatica es
necesaria para la fecundacién'?}, su funcién no se encuentra completamente dilucidada.




3.3.2.1. Rol de la mitocondria en la motilidad

Para que el espermatozoide pueda cumplir su funcion y transmitir el genoma paterno a la nueva
generacion, in vivo, primero debe desplazarse hasta el oviducto donde se encontrara con el
ovocito?®?’. Para ello, es necesaria una motilidad espermética de tipo progresiva, con amplitud
lateral de cabeza baja y una velocidad progresiva recta suficientemente rapida!?2. El hecho de
que el movimiento flagelar sea dependiente de la produccién de ATP, sumado a que las
mitocondrias de los espermatozoides se ubican en la region del inicio del movimiento del flagelo
y que la fosforilacion oxidativa produce mas ATP por molécula de glucosa que la glucdlisis, ha
llevado a que la respiracién histéricamente ha sido considerada como la fuente principal de
produccién de ATP para la motilidad espermatical??12°,

En diferentes trabajos, se observd que en muestras humanas de pacientes infértiles con
astenozoospermia sus piezas intermedias son mas pequefias, con un menor nimero de
mitocondrias, con un ensamblaje anormal y membranas mitocondriales con defectos
estructurales en comparacién con muestras de espermogramas normales'’1%6, Ademds, datos
previos de nuestro laboratorio donde se estudié por primera vez la funcion mitocondrial en
espermatozoides humanos (células intactas) con un respirémetro de alta resoluciéon (HRR)
mostraron que la funcion mitocondrial (RCR) se correlaciona positivamente con la motilidad
progresivall®. Esto apoya estudios comparativos recientes donde observaron que la velocidad
del espermatozoide esta correlacionada con el nimero de mitocondrias y la produccion de
ATPM,

Sin embargo, algunos autores, sostienen que la principal via para la obtencién de energia en los
espermatozoides es a partir de la glucdlisis’?’. Como se muestra en la Figura 7, el
espermatozoide es una célula muy compartimentalizada donde las mitocondrias estan
restringidas a la primera parte del flagelo y por tanto seria poco probable que el ATP se pueda
distribuir lo suficientemente rapido por todo lo largo del flagelo por difusién simple para
mantener la motilidad'?'?°, Ademds, se observé que la motilidad espermatica se mantiene en
presencia de inhibidores de la fosforilacién oxidativa pero no en presencia de inhibidores de la
glucdlisis3**3L, Por otro lado, se ha demostrado que la glucdlisis es esencial para la produccién
de ATP en el espermatozoide mediante el uso de modificaciones genéticas en ratones. Los
ratones KO para la gliceraldehido-3-fosfato deshidrogenasa (espermatogénica) son infértiles y
los ratones KO de fosfoglicerato quinasa 2 son severamente subfértiles, debido a una motilidad
espermatica disminuida y bajos niveles de ATP*3%133, En contraste, los ratones KO de citocromo
c (testicular), una proteina esencial para la respiracién mitocondrial, son fértiles**.

No obstante, existe un amplio rango de variacion entre los espermatozoides de las especies de
mamiferos con respecto al principal mecanismo de produccion de ATP en estas células, siendo
por tanto un tema de extenso debatel!®'?”135 [Esta aparente discrepancia podria ser
consecuencia de que los espermatozoides (al igual de como ocurre en otros tipos celulares),
podrian obtener ATP de ambas vias metabdlicas: glucdlisis y fosforilacion oxidatival?%, En el
caso de los espermatozoides esto podria depender de la disponibilidad de sustratos y
concentracién de oxigeno presentes en el tracto femenino!?21%7,

3.3.2.2. Rol de la mitocondria en la capacitacion

Como fue mencionado, durante la migracién desde la cervix al oviducto, los espermatozoides
sufren ciertos cambios bioquimicos y funcionales correspondientes a la capacitacion®4648, A
pesar de llevar mas de medio siglo estudiando cudles son los mecanismos moleculares que



fundamentan estas modificaciones fisioldgicas sigue siendo un conocimiento bastante
incompleto. Un aspecto que ha ganado atencién en este ultimo tiempo es el rol de la
mitocondria en el proceso, ya que varios autores reportaron un aumento de su actividad durante

la capacitacién en distintos modelos, por ejemplo en el ratén*>>3, humano!*® y jabali'?2.

Unos de los mecanismos que no son completamente comprendidos son los que se producen
como consecuencia de la entrada de Ca?* durante la capacitacion en el cual las mitocondrias
podrian participar. En el espermatozoide, el Ca?* es considerado un regulador de la motilidad,
participante de la capacitacidon y segundo mensajero esencial para la RA*. Los espermatozoides
deficientes de CatSper no se hiperactivan y los ratones mutantes son infértiles, aunque
presentan RA y fosforilacion en tirosina normal'®®. Ademds, los espermatozoides KO para
CatSper presentan un contenido de ATP bajo con respecto a los ratones salvajes!*'. En otros
modelos celulares, la entrada regulada de Ca?* en las mitocondrias regula el metabolismo
mitocondrial pero esto no ha sido suficientemente estudiado en el espermatozoide#?%44, Por
otro lado, existen evidencias de la existencia de reservorios internos de Ca?>* en el
espermatozoide los cuales son fundamentales para la propagacion de las sefales de este ion,
habiéndose identificado transportadores de Ca?*, por ejemplo, el MCU82110:145,

Por otro lado, la capacitacidén es un proceso de regulacion redox, promovido por la generacién
de bajos niveles de ROS%>, Bajas concentraciones de H,0, inducen la capacitacién®14®, Esta
especie regula las vias de senalizacion en espermatozoides humanos, hamster y bovinos,
teniendo una correlacién positiva con la fosforilacién en tirosina®. Ademas, existen otras ROS
alternativas que también son capaces de estimular la CAP como el 0", el éxido nitrico y
ONOO™17"150 | 35 ROS podrian promover la capacitacién por multiples mecanismos: inducen la
oxidacién del colesterol y el consiguiente flujo de salida de la membrana plasmatica; estimulan
la actividad de la adenil ciclasa, acompanado de la activacidn de la proteina quinasa A; activan
proteinas extracelulares reguladas por sefiales de tipo quinasa; inhiben la actividad tirosina
fosfatasa, induce la alcalinizacidn citoplasmatica y aumentar los niveles de Ca?* intracelular’%®.
Ademads, se ha demostrado que la catalasa es capaz de inhibir la fosforilacién en tirosina y
suprimir la hiperactivacién, RA y la fusidén del ovocito con el espermatozoide’®. Si bien la
capacitacion se asocia con un aumento en la funcidon mitocondrial tanto en humanos, como en
ratones y equinos y por tanto pareceria racional pensar que posee un rol en esta funcion,
potencialmente las ROS pueden ser generadas por otras fuentes*>1™153 Por ejemplo, por
enzimas oxidasas como las aminoacido oxidasas o la NADPH oxidasas tanto de espermatozoides
como de leucocitos® %6, Por tanto, la contribucién de cada fuente no estd completamente
aclarada y puede tener implicaciones para la comprensién del papel de las mitocondrias de los
espermatozoides.

Exceso de ROS se asocia con infertilidad®’. Se ha observado que una sobreexposicién a estos
metabolitos conduce a un estado de estrés oxidativo que limita el potencial de fertilizaciéon y la
capacidad de estos gametos para apoyar el inicio del desarrollo embrionario normal 18159,
Nuestro laboratorio observé que la disfuncion mitocondrial se relaciona con un aumento del
dafio nitro-oxidativo en los espermatozoides!®®. Se ha establecido que un desequilibrio entre
oxidantes y antioxidantes afecta la calidad de los espermatozoides afectando su morfologia,
motilidad y viabilidad'®®. Dependiendo del tipo de estudios, el estrés nitro-oxidativo se vincula
con el 25% al 87% de los casos de subfertilidad masculinal®®1, El estrés nitro-oxidativo lleva al
dafio de diversas estructuras, afectando proteinas claves, el ADN mitocondrial (mas susceptible
que el nuclear ya que se encuentra menos compactado) y los fosfolipidos de membranas!®116,
Esto se ve exacerbado por el hecho de que los espermatozoides poseen una gran susceptibilidad
al estrés oxidativo, ya que durante la espermatogénesis se pierden muchos de los componentes
citoplasmaticos de los espermatozoides, entre esto sus defensas antioxidantes?®116162 Se



postula que la falta de enzimas antioxidantes en los espermatozoides se compensa con una alta
capacidad antioxidante del plasma seminal (PS).1%3 La SOD, la catalasa, la GSH-Px, la vitamina C
(acido ascérbico), la vitamina E (tocoferol) y el zinc son las principales defensas antioxidantes
del PS**, Esto representa la capacidad antioxidante total y es baja en hombres infértiles!64165,
Sin embargo, en la practica clinica, generalmente no se mide la produccién de ROS ni la
capacidad antioxidante del PS*°,

A pesar de la gran cantidad de datos que apuntan a la importancia de la mitocondria
espermatica para la fertilidad masculina, los mecanismos involucrados no se encuentran claros.

FIGURA 8: Disposicion de las mitocondrias en la pieza intermedia del espermatozoide. Flechas marcan
las mitocondrias. A. Espermatozoide equino, microfotografia electrénica de barrido. Fotografia extraida
de la bibliografial®. B. Espermatozoide humano, microscopia electrénica de transmisién. Fotografia
obtenida por Fernanda Skowronek. Ax= axonema.
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4. Hipotesis y objetivos

4.1 Hipétesis
Durante la capacitacion espermatica existe un incremento en la funcion mitocondrial que se
traduce en un aumento en la concentracién de Ca* mitocondrial y de la formacién de ROS
por el organelo los cuales cumplen un rol modulador sobre la capacidad fecundante del
espermatozoide.

4.2, Objetivo General

Demostrar que la funcidn mitocondrial aumenta durante la capacitacion de los
espermatozoides, dilucidando los posibles mecanismos involucrados y sus consecuencias
fisiolégicas. Determinar si esto puede constituir un blanco diagndstico de la infertilidad
masculina.

4.3. Objetivos especificos

1) Profundizar en los mecanismos involucrados en el incremento de la funcidn
mitocondrial y cdmo esta contribuye en la habilidad del espermatozoide para fecundar.

2) Estudiar la funcidn de la mitocondria en la produccion de ROS durante la capacitacion
espermatica.

3) Desarrollar nuevas herramientas enfocadas en el estudio de la funcién mitocondrial y la
produccién de ROS para mejorar el diagndstico del hombre infértil.



5. Materiales, métodos y resultados

Los métodos y resultados para los tres objetivos especificos serdan presentados en distintos
subcapitulos, cada uno conformado por uno o mas articulos publicados o en formato borrador.
En cuatro de los cinco articulos incluidos en la tesis, soy la primera autora.

El primer bloque de resultados de esta tesis estd formado por el articulo “Increased
mitochondrial activity upon CatSper channel activation is required for mouse sperm
capacitation” publicado en la revista Redox Biology junto con resultados del articulo titulado
“Intramitochondrial Calcium Increase: A Conserved Mechanism of Mitochondrial Activation in
Human and Mouse Sperm During Capacitation” (en formato borrador, son datos preliminares).
Ambos trabajos fueron realizados en colaboracion con el laboratorio de la Dra. Santi en la
Washington University.

El articulo “Mitochondrial function and reactive oxygen species production during human sperm
capacitation: Unraveling key players” publicado en FASEB corresponde al segundo bloque de
resultados.

Por ultimo, los articulos “Mitochondrial metabolism determines the functional status of human
sperm and correlates with semen parameters” y “High-resolution respirometry to assess
mitochondrial function in human spermatozoa” publicados en la revista Frontiers in Cell and
Development y Journal of Visualized Experiments (JoVE), respectivamente, constituyen los
ultimos resultados para cumplir con el tercer objetivo.



5.1. Profundizar en los mecanismos involucrados en el incremento de la funcién
mitocondrial y cdmo esta contribuye en la habilidad del espermatozoide para fecundar

Articulo 1: Increased mitochondrial activity upon CatSper channel activation is required
for mouse sperm capacitation.

Juan J. Ferreira®, Adriana Cassina®, Pilar Irigoyen, Mariana Ford, Santiago Pietroroia, Nikita
Peramsetty, Rafael Radi, Celia M. Santi* y Rossana Sapiro*.

* Ambos autores comparten la primera autoria.

*Ambas autoras comparten la Ultima autoria.

Redox Biology 46 (2021)102176 . DOI:10.1016/j.redox.2021.102176

El objetivo del trabajo fue comprender si el flujo de Ca?* resultante de la activacién de los canales
CatSper durante la capacitacion, produce un incremento en el Ca?* mitocondrial que aumenta
su funcion para que se de la fecundacién. Comparamos la actividad mitocondrial en
espermatozoides NC y CAP mediante HRR, el PMM por citometria de flujo y microscopia, el
intercambio ATP/ADP utilizando un inhibidor especifico de la translocasa y la concentracién Ca?*
por microscopia. Esto se realizé en espermatozoides de ratdn salvajes (WT) o knockout para
CatSper. Observamos que en espermatozoides CAP de ratones WT hay un incremento en la
funcién mitocondrial acompafiado de un aumento del Ca?* mitocondrial. Esto no ocurrié en los
espermatozoides CAP del knockout para CatSper. A su vez, vimos que el aumento de la funcion
mitocondrial en espermatozoides CAP de ratones WT dependia del canal MCU, ya que no ocurria
el aumento al inhibir el canal. Utilizando inhibidores de la actividad mitocondrial, mostramos
gue esta funcion es importante para que se logre la hiperactivacién y la fertilizacién en ratones
WT. Por tanto, nuestro trabajo propuso un nuevo mecanismo de la capacitacién, donde la
activacidon de los canales CatSper produce un aumento del Ca?* citoplasmatico en la pieza
principal que se propaga por la pieza media generando un aumento del Ca?* mitocondrial
mediado por el canal MCU. Esto resulta en un aumento de la funcién mitocondrial lo que
promueve la hiperactivacion y fecundacion in vitro. Estos datos contribuyen a entender el rol de
la mitocondria en la fisiologia del espermatozoide, abriendo la posibilidad a un nuevo target
diagndstico.

En este trabajo, mi contribucidn fue realizando experimentos de respirometria y citometria de
flujo en espermatozoides de ratones WT, para estudiar la funcién mitocondrial en la
capacitacion. Ademas, analicé los parametros de la capacitaciéon: RA, fosforilacion en tirosina e
hiperactivacidon en muestras capacitadas con inhibidores mitocondriales.

Articulo 2 (borrador): Intramitochondrial Calcium Increase: A Conserved Mechanism of
Mitochondrial Activation in Human and Mouse Sperm During Capacitation

Pilar Irigoyen®, Juan J. Ferreira®, Adriana Cassina, Celia M. Santi* y Rossana Sapiro*.
* Ambos autores comparten la primera autoria.
*Ambas autoras comparten la Ultima autoria.

Se trata de un trabajo preliminar que se origina a partir de mi pasantia en el laboratorio de la
Dra. Santi. En el mismo buscamos demostrar si el mecanismo descrito en el articulo anterior es
conservado en los espermatozoides humanos. Para ello utilizamos las mismas técnicas para



comparar espermatozoides NC versus CAP. El trabajo implicé 43 donantes normozoospérmicos.
Por el momento, observamos que al igual que lo que ocurre en el ratén, durante la CAP hay un
aumento en la actividad mitocondrial (tanto del RCR como PMM) acompanado de un
incremento en el Ca?* mitocondrial. De la misma forma, el mecanismo demostré ser necesario
para la hiperactivacion ya que esta disminuye al inhibir la mitocondria. Queda pendiente
aumentar el N de los experimentos y demostrar que canales se encuentran involucrados en el
mecanismo.
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ABSTRACT

To fertilize an oocyte, sperm must undergo several biochemical and functional changes known as capacitation. A
key event in capacitation is calcium influx through the cation channel of sperm (CatSper). However, the mo-
lecular mechanisms of capacitation downstream of this calcium influx are not completely understood. Capaci-
tation is also associated with an increase in mitochondrial oxygen consumption, and several lines of evidence
indicate that regulated calcium entry into mitochondria increases the efficiency of oxidative respiration. Thus,
we hypothesized that calcium influx through CatSper during capacitation increases mitochondrial calcium
concentration and mitochondrial efficiency and thereby contributes to sperm hyperactivation and fertilization
capacity. To test this hypothesis, we used high-resolution respirometry to measure mouse sperm mitochondrial
activity. We also measured mitochondrial membrane potential, ATP/ADP exchange during capacitation, and
mitochondrial calcium concentration in sperm from wild-type and CatSper knockout mice. We show that the
increase in mitochondrial activity in capacitated wild-type sperm parallels the increase in mitochondrial calcium
concentration. This effect is blunted in sperm from CatSper knockout mice. Importantly, these mechanisms are
needed for optimal hyperactivation and fertilization in wild-type mice, as confirmed by using mitochondrial
inhibitors. Thus, we describe a novel mechanism of sperm capacitation. This work contributes to our under-
standing of the role of mitochondria in sperm physiology and opens the possibility of new molecular targets for
fertility treatments and male contraception.

1. Introduction

[Ca®*] [3] mediated by the cation sperm-specific channel (CatSper) [4,
5]. CatSper Knockout (KO) mice are infertile because their sperm fail to

To fertilize an oocyte, sperm must undergo several biochemical and
functional changes known as capacitation. During capacitation, sperm
switch from progressive to hyperactivated motility and undergo a
regulated release of acrosomal content in a process called the acrosome
reaction (AR) [1,2]. These processes, which normally occur in the fe-
male reproductive tract, allow sperm to free themselves from the oviduct
wall, penetrate the zona pellucida, and fuse with the oocyte. An
important event controlling capacitation is an increase in intracellular

hyperactivate and fertilize oocytes. However, the downstream effects of
CatSper-mediated Ca?* increase in sperm have not been fully elucidated
[6,71.

In other cell types, regulated Ca>* entry into mitochondria increases
the efficiency of oxidative respiration [8,9] via activation of many
Ca?*-dependent mitochondrial enzymes resulting in the increase of ATP
production [10]. Whether Ca?* plays similar roles in sperm mitochon-
dria is unknown [11]. Complicating this picture is the unclear role of
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mitochondria in sperm capacitation. Although some data suggest that
sperm rely on glycolysis instead of mitochondrial respiration to produce
ATP for motility and fertilization [12], other studies showed that
mitochondrial respiration increases during capacitation in both human
[13,14] and mouse [35] sperm. However, the significance of this in-
crease in mitochondrial activity during capacitation and its role in sperm
hyperactivation, acrosome reaction (AR), and fertilization remains to be
established.

Given that sperm from CatSper KO mice have reduced ATP produc-
tion [15], we hypothesized that Ca?* influx through CatSper channels
during capacitation enhances mitochondrial activity, thereby contrib-
uting to sperm hyperactivation and fertilization. To test our hypothesis,
we studied mitochondrial activity using high-resolution respirometry
(HRR), measurements of mitochondrial membrane potential (MMP) and
evaluation of the ATP/ADP exchange during capacitation, as well as
measurements of mitochondrial Ca®*, both in wild-type and CatSper KO
sperm. In addition, we analyzed the effects of mitochondrial function
inhibitors on hallmark parameters of capacitation: AR, hyperactivation,
tyrosine phosphorylation and the ability of the sperm to fertilize the egg.

2. Material and methods
2.1. Animals and ethics statement

All experimental procedures were approved by the Comisién Hono-
raria de Experimentacién animal-CHEA,(Uruguay), or by the Animals
studies committee of Washington University (St. Louis, MO,USA); and
performed following the National Institute of Health Guide for the Care
and Use of Laboratory Animals.

Animals were kept under a 12/12 h dark/light cycle at a constant
temperature of 22 + 2°C with free access to food and water. Wild-type
sperm cells were obtained from male mice from two different strains,
CB6F1/J mice (80-120 days old) in Montevideo-Uruguay and C57BL/6
male (60-90 days old) in Saint Louis, MO, USA. CatSperl knock-out
mice (CatSper KO) 60-90 days old were used in Saint Louis, MO, USA.
Both were obtained from Jackson Laboratory. Acr-eGFP + Su9-Red2
transgenic mice (60-90 day-old) expressing green fluorescent protein
(GFP) in the acrosome and red fluorescent protein (RFP) in the mito-
chondrial were obtained from Kelle Moley’s laboratory, at Washington
University in Saint Louis, School of Medicine, MO, USA. Oocytes were
obtained from CB6F1/J female mice (4-8 weeks old), allocated in
Montevideo-Uruguay. Mice were sacrificed via cervical dislocation.

2.2. Sperm collection and motility analysis

Motility analysis was performed in parallel in two laboratories. In
Montevideo-Uruguay (UdelaR), sperm was collected from cauda
epididymis in TYH media buffered with HEPES (NaCl 119.3 mM, KCl
4.7 mM, CaCl,.2H50 1.71 mM, KH,PO4 1.2 mM, MgS04.7H20 1.2 mM,
NaHCO3 25.1 mM, Glucose 5.56 mM, Sodium pyruvate 0.51 mM, HEPES
10 mM, Phenol Red 0.0006%), supplemented with 4 mg/ml Bovine
serum albumin and incubated for 60 min at 37 °C to induce capacitation.
Sperm suspensions were loaded into pre-warmed sperm counting
chambers (depth 20 pm) (DRM-600, Millennium Sciences, Inc. CELL-
VU®, NY) and placed on a microscope stage at 37 °C. Sperm motility was
examined using a Computer Assisted Semen Analysis (CASA) system
(SCA6 Evolution, Microptic, Barcelona, Spain). The microscope used
was Nikon (Japan) Eclipse E200 with phase contrast 100X equipped
with Basler (Germany) acA780-75gc camera. The default settings
included the following: frames acquired: 30; frame rate: 60 Hz; head
size: 5-70 pm2. Sperm with hyperactivated motility were sorted using
the following parameters: curvilinear velocity (VCL) > 182 pm/s and
linearity coefficient (LIN) < 32%, Straightness (STR) > 57%. At least
500 sperm were analyzed in each experiment. In Saint Louis, MO, USA
(Washington University) sperm was collected from cauda epididymis,
incubated in non-Capacitated (NC) HS media buffered with HEPES (in
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mM: 135 NaCl, 5 KCl, 2 CaCl,, 1 MgSO4, 20 HEPES, 5 glucose, 10 lactic
acid, 1 Na-pyruvate) at pH 7.4 for 15-20 min at 37 °C. After this time,
the motile fraction of the sample was removed from the tube and split
based on conditions to be tested. To achieve capacitation, sperm were
incubated for 90 min at 37 °C in capacitated (CAP) HS medium with 5
mg/ml Bovine serum albumin (BSA), and 15 mM NaHCOs added. NC
sperm were incubated for 90 °C at 37°C in HS without BSA and NaHCO3
[55] . Drugs or inhibitors were added in NC or CAP HS media. For
motility tests, 3 pl of the sample were placed into a 20 pm Leja standard
count 4 chamber slide, pre-warmed at 37°C, and a minimum of 200 cells
were counted. CASA analysis was performed with a Hamilton-Thorne
digital image analyzer (HTR-CEROS II v.1.7; Hamilton-Thorne
Research, Beverly, MA, United States). CASA settings used for the
analysis were: objective Zeiss 10XNH; 30 frames were acquired at 60 Hz;
camera exposure: 8 ms; camera gain: 300; integrated time: 500 ms;
elongation max (%): 100; elongation min (%): 1; head brightness min
170; head size max: 50 pmz; head size min: 5 pmz; static tail filter: false;
tail brightness min: 70; tail brightness auto offset: 8; tail brightness
mode: manual; progressive STR (%): 80; progressive VAP (um/s): 25.
The criteria used to define hyperactivated sperm was: curvilinear ve-
locity (VCL) > 150 pm/s, lateral head displacement (ALH) > 7.0 pm, and
linearity coefficient (LIN) of 32%.

2.3. Acrosome reaction (AR) evaluation

AR status was evaluated both in NC and CAP sperm samples. Induced
AR was obtained by incubating the cells with 10 pM of the calcium
ionophore A23187 for 30 min prior the end of the capacitation process.
Mitochondrial inhibitors were added to CAP media with and without
A23187, and 2.5 pM Antimycin A (AA) (Sigma Aldrich, St. Louis, MO) or
2.5 pM Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP;
Sigma-Aldrich). For all conditions 15 pl samples were placed onto glass
slides, fixed in 4% paraformaldehyde for 30 min and washed twice with
phosphate buffered saline (PBS). After washing, slides were incubated
with 0.22% Coomassie stain (Coomassie Blue G-250; Thermo Scientific,
Massachusetts), 50% methanol, 10% glacial acetic acid, 40% water for 2
min. Excess dye was removed by washing thoroughly using distilled
water. Slides were air-dried and coverslips were placed on slides using
mounting medium at room temperature. Stained sperm were examined
under bright field microscopy at 400X (Nikon E100, Japan) to verify the
percentage of sperm that had undergone AR. A minimum of 200 sperm
was evaluated in each experiment.

2.4. Invitro fertilization (IVF) protocol

CB6F1/J female mice (4-8 weeks old) were super-ovulated using
intraperitoneal administration of 5IU Pregnant Mare Serum Gonado-
tropin (PMSG) (Syntex, Argentina) followed by 5UI human Chorionic
Gonadotropin (hCG) (Intervet, Netherlands) 48 h later. After 12-15 h of
hCG injection, female mice were sacrificed, and the oocyte-cumulus
complex was isolated in 250 ml of TYH-CO, buffered media (NaCl
119.3 mM, KCl 4.7 mM, CaCl,.2H,0 1.71 mM, KH3PO4 1.2 mM,
MgS04.7H20 1.2 mM, NaHCO3 25.1 mM, Glucose 5.56 mM, Sodium
pyruvate 0.51 mM, Phenol red 0.0006%). Fertilization wells containing
30-50 eggs were inseminated with sperm (final concentration of 2.5 x
10° cells/ml) that had been CAP for 1 h in TYH-CO5 buffered media
supplemented with 4 mg/ml Bovine serum albumin at 37 °C and % CO
to induce capacitation, with or without mitochondria inhibitors (AA or
FCCP) depending on the experimental conditions, washed twice by
centrifugation, and resuspended in TYH-CO, media. After 3 h of
insemination, eggs were washed and left in fresh media. To assess
fertilization, eggs were evaluated after 24 h post-insemination, and two-
cell stage embryos were counted.
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2.5. High-resolution respirometry and respiration control ratio

Sperm cells oxygen consumption was determined by HRR [16]. HRR
integrates highly sensitive oxygraphis (Oxygraph-2 K; Oroboros In-
struments GmbH, Innsbruck, Austria) with software (DatLab, version
4.2; Oroboros Instruments GmbH) that presents respiration in terms of
oxygen rate (pmol O5/10° cells/sec). Basal oxygen consumption was
measured for 10 min, then 2 pg/ml Oligomycin (Sigma-Aldrich, St.
Louis, MO) were added to the chamber to block mitochondrial ATP
synthase. Maximal respiration was obtained by subsequent 0.5 pM
stepwise of FCCP. Finally, 2.5 pM Antimycin A (Sigma-Aldrich) was
added to distinguish mitochondrial from residual (non-mitochondrial
respiration) oxygen consumption. A total of 15 million sperms cells/ml
per condition were evaluated. Stirring speed was set to 750 rpm. For
each sperm sample (Fig. 1A), we measured mitochondrial basal respi-
ration rate. By subtracting the oligomycin-resistant respiration rate from
the basal respiration rate, we calculated the oxygen consumption rate
linked to ATP synthesis. We also measured maximal respiration rate in
the presence of FCCP. Finally, we measured the non-mitochondrial
respiration rate, which we subtracted from all the other values. From
these measurements, we calculated 1) Coupling efficiency = ratio be-
tween respiration linked to ATP synthesis and basal respiration [1-2/1],
2) RCR = ratio between maximal and oligomycin-resistant respiration
rates [3/2], and 3) spare respiratory capacity = ratio between the
maximal and basal respiration rates) [3/1]. It is important to note that
the resulting values were internally normalized in each sample, and they
were independent of cell number, protein mass, and viability. It is also
important to notice that the cell’s respiration inhibited by oligomycin in
intact cells is comparable to isolated mitochondria state 4 oligomycin (in
the presence of substrate plus ADP plus oligomycin). The maximal
respiration rate caused by the addition of the uncoupler FCCP to intact
cells is comparable to state 3 ADP of isolated mitochondria in presence
of an excess of substrate plus ADP [17].

2.6. Mitochondrial membrane potential measurements

Flow cytometry: Sperm collected from cauda epididymis was
allowed to swim-out in TYH media CAP media, buffered with HEPES, for
5-10 min. Tissue was extracted and the suspended cells were split into
two samples with a final concentration of 106 cells/ml. One of the
samples was treated immediately for 25 min at 37°C with 300 nmol/L of
lipophilic cationic dye tetramethyl rhodamine methyl ester perchlorate
(TMRM) (Sigma-Aldrich Inc., St Louis, MO, USA) and was considered as
our (control) NC condition. The second sample was incubated for 90 min
at 37°C and 5% CO- to induce capacitation, and TMRM was added 25
min before finishing the incubation period. TMRM was washed from
both conditions by centrifuging the samples at 400 g and resuspended in
400 ml of PBS. Half of the washed sample (500 pl) was analyzed by flow
cytometry and the remaining (500 pl) was incubated with 20 pM FCCP
for 15 min and analyzed. Values obtained with FCCP were used as Fpn
to normalize the sample’s fluorescence. We used the Geo Mean fluo-
rescence values of FCCP at each experiment as minimum fluorescence to
normalized fluorescence of M1 and M2 and discard differences related to
the loading of TMRM for each experiment.

Flow cytometry analysis was performed using a FACS Calibur flow
cytometer (Becton Dickinson, San Jose, CA). Cellular size and granu-
larity were analyzed in the forward and side scatter (FSC-H and SSC-H),
respectively. For each sample, 30000 single events were recorded in the
forward light scatter/side light scatter dot plot. A gate was used to
separate sperm from debris. TMRM was detected using a 585/42 nm
bandwidth filter (FL-2). Samples were analyzed with Cell Quest soft-
ware. Two populations of cells (M1 and M2, Fig. 1-C) with different
MMP were consistently obtained. We analyzed the population with
higher MMP (M2) based on several factors: 1) MMP measurements after
capacitation for both populations made in our laboratory, 2) previously
described methodology by Uribe P. et al. [18], and 3) similar results
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Fig. 1. Capacitated sperm exhibit increased mitochondrial function. A.
Representative trace of oxygen consumption rate from CAP mouse sperm (red
line) and NC (blue line). Dotted lines show representative respirometry pa-
rameters in CAP condition. Sperm cells were exposed sequentially to oligo-
mycin (oligo), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP), and Antimycin A (AA). B. Respiratory Control Ratio (RCR) values
measured from wild-type CAP and NC sperm (n = 21). C. Representative his-
tograms of TMRM fluorescence from CAP sperm, recorded with flow cytometry.
D. Graph shows normalized TMRM fluorescence values (MMP) of M2 cell
population under NC and CAP conditions (n = 7). See Supplementary Fig. 1, for
analysis of M1 population. E. Representative confocal images of Wild-type
sperm loaded TMRM before and after application of FCCP, under NC (left)
and CAP (right). TMRM images shows the fluorescence obtained under the
same technical specifications measured under NC (left) and CAP (right) con-
ditions. Shade images represent the shape of the sperm cell used. Color bars
represent color code for the gray scale from O to 255. Fluorescence was
measured only in the sperm midpiece, and only cells responding to FCCP were
included in the measurements. F. Representative normalized traces of TMRM
fluorescence from NC and CAP sperm. Fluorescence was measured only in the
sperm midpiece. Only cells responding to FCCP were included in the mea-
surements. G. Graphs show normalized TMRM sperm midpiece fluorescence for
NC and CAP sperm samples (n = 8). For B and D. paired t-test was used to
determine statistical significance and an independent t-test was used in G. *p <
0.05 and ***p < 0.001. (n) represents the number of animals. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

published using TMRM in sperm by Yang Q. et al. [19] . See Supple-
mentary Fig. 1, for analysis of M1 population.

Single Cell MMP measurements by Confocal Imaging: Sperm cells
were collected from cauda epididymis. Sperm were obtained by Swim-
out in HS NC or CAP media for 10-15 min. NC samples were incu-
bated in NC HS media, and CAP samples in CAP HS media, for 90 min at
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37°C. At 60 min of incubation 200-300 nmol/L TMRM was added to all
conditions and incubated for 30 min at 37°C. TMRM was washed from
all samples by centrifugation and cells were resuspended in NC HS
media and allowed to attach for 5-10 min to Poly-L-lysine (0.1%)-coated
coverslips. Basal TMRM fluorescence for all the different conditions was
measured before the addition of 20 pM FCCP, which was used to
determine Fp,;, and to normalize basal fluorescence values.

Fluorescence values from different animals and different conditions
were adjusted to the same laser intensity and gain voltage. Recordings
were performed with a confocal microscope (Leica SP8) and LAS X
3.5.2.18963 software equipped with an ACS APO 40x, 1.15 Numerical
aperture objective, and oil-immersion objective. The parameters for the
acquisition were: “xyt” images, 1024 x 1024 pixels, pixel size 0.269 pm,
pinhole of 600.0 pm, 400 Hz unidirectional sampling, frames were ob-
tained every 30 s. Excitation was performed by 543-nm laser and
emitted fluorescence was measured at 556 nm-600 nm. All experiments
were performed at room temperature (22-23°C). Fluorescence was
measured only in regions of interest (ROI) corresponding to the sperm
midpiece, using ImageJ software (version 1.48). Data was analyzed
using pclamp 10 and Sigmaplot 12.

2.7. Fluo-5N and mitochondrial markers co-localization images

Sperm from wild-type mice (C57Bl6) or Acr-eGFP + Su9-Red2
transgenic mice were collected by swim-up in HS media, loaded with
2-4 uM Fluo-5N cell permeant AM-ester (Fluo-5N AM or Fluo-5N), and
incubated with 200 nM MitoTracker® Red CMXRos — M7512 (Invi-
trogen, USA). To load Fluo-5N, cells were incubated at 37°C for 45-60
min in HS with 2 pM Fluo-5N AM and 0.05-0.1% Pluronic Acid F-127.
MitoTracker was added 20-30 min before the Fluo-5N loading was
finished. Sperm were then centrifuged, resuspended in HS NC media,
and allowed to attach for 5-10 min to Poly-i-lysine (0.1%)- coated
coverslips. Images were acquired using a confocal microscope (Leica
SP8) and LAS X 3.5.2.18963 software equipped with an ACS APO 63x,
1.15 Numerical aperture objective, oil-immersion objective. Images’s
dimensions were 2048 x 2048 pixels. Sperm were excited at 488 nm and
543 nm and emitted fluorescence was measured at 500-530 and > 560
nm, for Fluo-5N and MitoTracker respectively. All experiments were
performed at room temperature (22-23°C). ImageJ software (version
1.48) was used to analyze the images.

2.8. Mitochondrial Ca®* measurements

After swim-up in HS NC or CAP media, motile cells were incubated
with 2-4 pM Fluo-5N AM and 0.05% Pluronic F-127 at 37°C for 60-90
min. After loading, sperm cells were centrifuged at 1500-2000 rpm for
5-10 min and resuspended in the corresponding media. Sperm were
allow to attach to Poly-L-lysine (0.1%) coated coverslips placed on the
recording chamber’s floor for 5 min. A local perfusion device with an
estimate exchange time of 10 s was used to apply various test solutions.
Calcium signals were recorded with a Leica AF 6000LX system with a
Leica DMi8000 inverted microscope, equipped with a 63X objective (HC
PL FluoTar L 63X/0.70 Dry) air objective and an Andor-Zyla-VCS04494
camera. An halogen lamp was used with a 488 + 20 nm excitation filter
and a 530 + 20 nm emission filter. Data was collected with Leica LasX
2.0.014332 software. Acquisition parameters were: 20 ms exposure
time, 4x4 binning, 1024 x 1024 pixels resolution. Whole images were
collected every 10 s. LAS X, ImageJ, Clampfit 10 (Molecular Devices),
and SigmaPlot 12 were used to analyze data.

ROI were selected in the sperm midpiece. Reference Fluo-5N fluo-
rescence was measured at the beginning of the experiments (Fgef), for all
the conditions. To compare Fger levels across different animals and
experimental conditions, we normalized Fluo-5N fluorescence using
Fin and Fpax obtained from each cell. Fyi, was obtained by perfusing
cells with 0 mM Ca?" + 2 mM EGTA and 2-5 pM Ionomycin. Fy, was
obtained by perfusing the cells with 2 mM Ca®" + 2-5 pM Ionomycin.
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Experiments were performed at room temperature.
2.9. Statistical analysis

Sigmaplot version 12.0 (Systat Software Inc.), and GraphPad Prism
version 6.01 for Windows (GraphPad Software, La Jolla California USA
http://www.graphpad.com) were used for all statistical analysis. An
unpaired Student’s t-test was used to compare independent samples, and
a paired t-test was used to compare data in studies performed in the same
sample. Data are expressed as the mean + SD. P-value < 0.05 was
considered statistically significant.

3. Results
3.1. Mitochondrial respiration increases in capacitated mouse sperm

High-resolution respirometry (HRR) was performed in non-
capacitated (NC) and capacitated (CAP) sperm. Fig. 1A shows a repre-
sentative trace of oxygen consumption rate measured in capacitated
sperm. The mean respiratory control ratios (RCR) (5.8 Mean + 4.8 SD vs.
3.5 Mean + 1.9 SD) and coupling efficiency (0.56 Mean + 0.20 SD vs.
0.48 Mean =+ 0.18 SD) were both significantly higher in CAP than in NC
sperm (Fig. 1B and Table 1). We found no significant difference in spare
respiratory capacity. We next measured MMP in NC or CAP sperm with
the dye TMRM [18,20]. By flow cytometry we detected two sperm
populations (M1 and M2, Fig. 1C) with different MMP in both NC and
CAP sperm. Similar populations have been reported previously in
human sperm [18]. We found that the normalized fluorescence of the
M2 population was significantly higher in CAP sperm than in NC sperm
(13.22 Mean + 6.6 SD vs. 8.83 Mean + 7.80 SD, n = 7, Fig. 1D). In
addition, the M2 peak was completely abolished upon addition of the
uncoupling agent carbonyl cyanide 4-(trifluoromethoxy) phenyl-
hydrazone (FCCP) in both NC and CAP sperm. These data suggest that
MMP in the M2 population increases during capacitation. We also used
confocal imaging to measure TMRM fluorescence in the midpiece of
individual NC and CAP sperm (see Fig. 1E and F for a representative
example), we found that TMRM fluorescence was significantly higher in
CAP than in NC sperm (3.27 Mean + 0.50 SD vs. 2.05 Mean + 0.36 SD,
Fig. 1G). Taken together, these data reveal that mitochondrial activity is
higher CAP than in NC sperm.

3.2. Mitochondrial respiration during capacitation is important for
hyperactivated motility and oocyte fertilization

To address whether mitochondrial activity was required for the
functional hallmarks of capacitation, we capacitated sperm for 1 h in
control conditions or in the presence of FCCP or AA. A significantly
higher percentage of sperm were hyperactivated in control conditions
than in the presence of FCCP or AA (20.43 Mean + 9.89 SD, n = 15, vs.
10.51 Mean + 8.44 SD, n = 15, vs. Mean 7.58 + 7.76 SD, n = 11,
Fig. 2A). In contrast, FCCP and AA had no effect on the percentage of
sperm that underwent spontaneous or induced AR (Fig. 2B). Addition-
ally, AA had no effect on protein tyrosine phosphorylation (Supple-
mentary Fig. 2). Sperm treated with FCCP or AA were significantly less
able to fertilize oocytes than untreated sperm (Fig. 2C) Fig. 2D shows a
representative in vitro fertilization control experiment (without any
mitochondrial inhibitors) at 2-cell stage embryo.

Together, these data indicate that while mitochondrial activity
during capacitation is not required for the AR or tyrosine phosphory-
lation, it significantly contributes to sperm hyperactivation and,
notably, to their ability to fertilize oocytes.

3.3. Mitochondrial respiration is impaired in sperm from CatSper
knockout (KO) mice

By analyzing HRR in sperm from CatSper KO mice we found that
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Table 1
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Oximetry values in NC and CAP sperm from wild-type and CatSper KO mice. Coupling efficiency = Oligomycin-sensitive respiration/basal respiration; RCR = Maximal
respiration in the presence of FCCP/ATP turnover; spare respiratory capacity = Maximal respiration in the presence of FCCP/Basal Respiration.

Index Wild-type CatSper KO
Mean SD P-Value Mean SD p-value
Coupling efficiency NC 0.48 0.18 0.009 NC 0.37 0.06 0.1
CAP 0.56 0.20 CAP 0.32 0.11
RCR NC 3.5 1.9 0.012 NC 2.12 0.50 0.84
CAP 5.8 48 CAP 2.05 0.70
Spare Respiration Capacity NC 1.5 0.8 0.96 NC 1.34 0.36 0.72
CAP 1.5 0.9 CAP 1.43 0.61
Fig. 2. Mitochondprial inhibitors impair mouse
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respiration values in sperm from CatSper KO mice did not differ between
NC and CAP conditions (Fig. 3 A, B and Table 1). The MMP showed no
statistical difference between CAP and NC in CatSper KO mice (2.90
Mean + 0.92 SD vs. 3.10 Mean + 0.48 SD, P = 0.746, Fig. 3C and D).
Fig. 3E shows the variation in MMP after CAP for wild-type and CatSper
KO mice; MMP increase in wild-type sperm during capacitation is sta-
tistically larger than in the KO sperm. Our results indicate that CatSper is
involved in increasing sperm mitochondrial activity during capacitation.

3.4. Mitochondrial Ca®" concentration increases during
capacitation in sperm from wild-type but not CatSper KO mice

We next wanted to test whether the CatSper-dependent increase in
cytoplasmic [Ca?*] during capacitation (Supplementary Fig. 3) leads to
an increase in mitochondrial [Ca2+]. To do so, we developed a new
method to measure mitochondrial [Ca?*] in mouse sperm by using the
fluorescent Ca2+-indicator, Fluo-5N. Whereas Fluo-4 measures [Ca®*] in
the 100 nM-300 nM range and is suitable for measuring cytoplasmic
[Ca2"], Fluo-5N has a lower Ca2'-binding affinity and is suitable for
measuring [Ca®']in the 1 pM to 1 mM range, appropriate for measuring
[Ca®'] in mitochondria [21]. We first confirmed that Fluo-5N co-lo-
calized in the sperm midpiece with mitochondrial markers. In sperm

from Acr-eGFP + Su9-Red?2 transgenic mice, which express green fluo-
rescent protein (GFP) in the acrosome and red fluorescent protein in
mitochondria (RFP), Fluo-5N co-localized with RFP in the sperm mid-
piece (Supplementary Figs. 4A and E). Likewise, Fluo-5N co-localized
with MitoTracker® red in the sperm midpiece (Supplementary Figs. 4B
and E). In contrast, Fluo-4 distributed throughout the entire sperm
(Supplementary Figs. 4C and E). Although Fluo-5N was also detected in
the acrosome (Supplementary Figs. 4A and E), we excluded this in our
assays by only measuring fluorescence in the sperm midpiece. Combined
fluorescence profiles of the midpiece labeled with the different fluo-
rophores are shown in Supplementary Fig. 4F. While RFP and Mito-
Tracker® red fluorescence curves completely overlap with Fluo-5N
profile in mitochondria, the overlay with Fluo- 4 is partial, which in-
dicates that neither RFP nor Mitotracker colocalize with Fluo-4 AM in
the cytoplasm (supplementary 4). To further confirm that our assay
measured mitochondrial [Ca2+], we loaded sperm with either Fluo-5N
or Fluo-4 and continuously measured fluorescence in the midpiece
before and after adding FCCP (Supplementary Fig. 5A). As expected,
Fluo-5N fluorescence decreased in the midpiece upon addition of FCCP
(Supplementary Fig. 5B), whereas Fluo-4 fluorescence in the midpiece
increased (Supplementary Fig. 5C), suggesting that FCCP caused Ca®" to
be released from the mitochondria into the cytosol. Thus, we concluded
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Fig. 3. CatSper KO sperm lacks capacitation-
induced mitochondrial function increase. A.
Representative recordings of a HRR from CAP (red
line), and NC (black line) in CatSper KO sperm.
Oxygen consumption was measured in control
conditions and after the addition of mitochondrial
inhibitors, Oligomycin, FCCP and AA. B. Respira-
tory control ratio (RCR) measurements from CAP
and NC CatSper KO mouse sperm. A paired t-test
was used to determine statistical significance (n =
5). C. Paired representative traces of normalized
TMRM fluorescence, under CAP and NC condi-
tions. D. Graph shows normalized TMRM fluores-
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that our method accurately measured [Ca2+] of the mitochondria in the
sperm midpiece.

We then applied this method to determine if mitochondrial Ca®*
content was different between NC and CAP wild-type sperm. Fig. 4A
shows representative images of CAP wild-type sperm loaded with Fluo-
5N. At 2 mM extracellular [Ca2+], we observed that mitochondrial Ca%*
was higher in CAP than in NC wild-type sperm (Fig. 4B and D). In
contrast, when we performed the experiment at 0 mM extracellular
[Ca2+], we observed no difference in mitochondrial Ca>* content be-
tween CAP and NC wild-type sperm (Fig. 4B and D). This is an expected
result, as capacitation does not occur in the absence of extracellular
calcium.

We found that mitochondrial Ca®* content increased with higher
extracellular [Ca®*] (0, 0.5,1 and 2 mM) in both NC and CAP wild-type
sperm, however, the increase was significantly larger in CAP sperm
(Fig. 4D, Table 2). Whereas mitochondrial Fluo-5N fluorescence reached
a plateau at 1 mM extracellular Ca®* in NC sperm, the Fluo-5N fluo-
rescence further increased at 2 mM extracellular Ca®* in CAP sperm,
consistently with the extracellular [Ca®"] reported to achieve capaci-
tation [22].

We conclude that mitochondrial [Ca®"] depends on extracellular
[Ca%*]. Importantly, mitochondrial [Ca%*] are significantly higher in
CAP than in NC wild-type sperm. To determine whether the increase in
mitochondrial [Ca2"] in CAP sperm was dependent on CatSper activity;
we measured changes in mitochondrial [Ca?*] during capacitation in
sperm from CatSper KO mice. Our results showed that in CatSper KO
sperm, at 2 mM extracellular [Ca2+], there is no difference in Fluo-5N
fluorescence of the midpiece between NC and CAP conditions
(Fig. 4C). When we plotted values of fluorescence in the midpiece of
sperm from CatSper KO mice, we found that mitochondrial [Ca®*] only
increased when we changed extracellular [Ca%*] from O to 0.5 mM, and
then it remained constant. This increase was similar in NC and CAP
sperm (Fig. 4E). The fact that Ca®>" increased at all in response to
increased extracellular [Ca®"] in sperm from CatSper KO mice suggests
that Ca®" can enter sperm through another pathway. Consistent with

Ratio (CAP/NC)
© 2 Ao an
00 O NN A OO OO

cence under NC and CAP conditions (n = 5). E.
TMRM fluorescence ratio after CAP (normalized to
NC) in wild-type and CatSper KO mice. To deter-
mine statistical significance, paired t-test was used.
ns p > 0.050 and ***p < 0.001. Error bars repre-
sent SD. (n) represents the number of animals. (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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this idea, Ca?* measurements obtained with the ratiometric dye Fura 2
a.m. showed that the cytosolic [Ca%*] of CatSper KO sperm was 90-100
nM (Supplementary Fig. 3). Nonetheless, mitochondrial [Ca2+] was
significantly lower in CAP sperm from CatSper KO mice than in CAP
sperm from wild-type mice (Fig. 4D and E and Table 2).

Another way to validate that CatSper channels were involved in the
increased mitochondrial [Ca%*], was to treat sperm from wild-type mice
with the CatSper channel blocker Mibefradil during capacitation.
Mibefradil (20 pM) significantly reduced the increase of mitochondrial
[Ca%'] associated with capacitation (Supplementary Fig. 6). Taken
together these results confirmed that mitochondrial [Ca2+] increase
involved CatSper activation. This pharmacological approach confirms
that the absence of CatSper conductance is uniquely responsible for the
calcium defects that we have seen in the CatSper KO and rules out po-
tential pleiotropic effects of the CatSper gene knock out (Supplementary
Fig. 5).

3.5. Increase in mitochondrial function associated with
capacitation depends on the mitochondrial Ca®* uniporter (MCU)

We suspected that the increase of mitochondrial [Ca®*] in CAP
sperm occurred via Ca?" influx through the MCU, which resides in the
internal mitochondrial membrane [23]. To test this idea, we treated
sperm with the specific MCU inhibitor Ru360 during capacitation [24],
and then measured capacitation-associated changes in mitochondrial
[Ca2+], MMP, and sperm hyperactivation.

First, we found that mitochondrial [Ca®"] was significantly reduced
after capacitation in the presence of Ru360 when compared with those
without Ru360 (Fig. 5A and B and Table 3). Second, we treated CAP
sperm with vehicle or Ru360, loaded them with TMRM in the presence
of 2 mM extracellular Ca®*, and used our confocal microscopy assay to
measure MMP. The normalized TMRM fluorescence was lower in sperm
treated with Ru360 than in those without Ru360 (1.789 Mean + 0.717
SD vs. 3.00 Mean + 0.43 SD, P = 0.027, Fig. 5C). Moreover, whereas the
MMP was 60% higher in CAP than NC sperm treated with vehicle, the
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Fig. 4. Sperm mitochondrial [Ca®*] increases during capacitation (CAP) in wild-type, but not in CatSper KO sperm. A. Representative images of CAP sperm
loaded with Fluo-5N; and perfused with i) 2 mM Ca®* (Reference), ii) 0 Ca®>* + 2 mM EGTA and Ionomycin (Iono EGTA), iii) Ionomycin +2 mM Ca* (Iono 2 Ca").
Images in i, ii, iii are on the left: bright field (BF) merged with Fluo-5N fluorescence (FITC). Right, Fluo-5N fluorescence. Color bars represent color code for the gray
scale from O to 255. B and C, Representative traces of Fluo-5N fluorescence in the sperm midpiece from NC (black) and CAP (red) sperm incubated in 2 mM ca’t (B,
left), and in 0 mM Ca?* (B, right). C. Representative traces of Fluo-5N fluorescence from NC and CAP CatSper KO sperm. D. Normalized values of Fluo-5N fluo-
rescence at reference (ref), in NC and CAP sperm at different extracellular [Ca®*]. E. Fluo-5N fluorescence at reference in CatSper KO samples, obtained under NC and
CAP conditions, at different extracellular [Ca®*]. Statistical significance between CAP and NC samples at each extracellular [Ca*"] were evaluated with an inde-
pendent t-test. Fluorescence values are shown in Table 2 ns p > 0.050, and ***p < 0.001. (n) represents the number of animals. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Fluo-5N fluorescent values corresponding to mitochondrial [Ca®*] before and after CAP at different extracellular [Ca®*]. Fluo-5N fluorescence values were normalized
using Ionomycin +0 mM Ca’* + EGTA (Iono EGTA) values and Ionomycin +2 mM Ca®* (Iono 2 Ca®") values. To determine statistical significance between NC and
CAP samples at each extracellular [Ca®*], independent t-test were used.

Extracellular [Ca®*] mM Wild-type P-Value CatSper KO p-value
Mean SD n Mean SD n

0 NC 0.2398 0.1556 3 0.197 NC 0.0201 0.0167 3 0.396
CAP 0.1935 0.1136 3 CAP 0.0234 0.0248 3

0.5 NC 0.5122 0.2798 5 0.035 NC 0.4893 0.1984 3 0.676
CAP 0.6394 0.2413 6 CAP 0.4717 0.1995 3

1 NC 0.7242 0.2798 3 0.01 NC 0.4562 0.1649 3 0.63
CAP 0.8402 0.208 3 CAP 0.5688 0.257 3

2 NC 0.7427 0.4494 3 0.022 NC 0.579 0.3106 3 0.155
CAP 1.1791 0.4635 3 CAP 0.6194 0.3805 3
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Fig. 5. Effect of the Mitochondrial Calcium Uniporter inhibitor, Ru360 on
mitochondrial [Ca?"], mitochondrial function, and sperm hyper-
activation. A. Representative Fluo-5N fluorescence traces from CAP sperm and
CAP with Ru360 at 0.5 mM extracellular Ca*". B. Normalized Fluo-5N fluo-
rescence in NC and CAP conditions, at different extracellular [Ca?*]. Graph
shows mean values + SD of cells responding to Iono EGTA and Iono 2Ca®*. An
independent t-test was used to determined statistical difference. C. Normalized
TMRM fluorescence under CAP and CAP + Ru360 conditions (n = 4). To
determine statistical significance, paired t-test were used. D. TMRM fluores-
cence ratio in wild-type sperm, under CAP (control) and CAP + Ru360. To
determine statistical significance an independent t-test was used. E. Percentage
of hyperactivated sperm measured by CASA from sperm samples incubated in
NC, CAP or CAP +20 pM Ru360 media, at different extracellular [Ca?*]. Values
are also presented in Table 4. An independent t-test were used to evaluate
statistical significance between NC, CAP and CAP + Ru360 groups at different
[Ca®*] (n = 5). Error Bars in figure represent SD. ns P > 0.050, *p < 0.050, **p
< 0.010, and ***p < 0.001. (n) represents the number of animals.

Table 3

Fluo-5N fluorescence values corresponding to mitochondrial Ca®>* from
wild-type sperm CAP in the presence of Ru360 at different extracellular
[Ca2*]. Fluo-5N values were normalized using Ionomycin +0 mM Ca’t +
EGTA (Iono EGTA) values and Ionomycin +2 mM Ca?* (lono 2 Ca?") values.

Extracellular [Ca®"] mM Wild-type

Mean SD n
0.5 CAP + Ru360 0.3483 0.027 3
1 CAP + Ru360 0.5324 0.015 3
2 CAP + Ru360 0.5725 0.0298 3
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MMP was 5% lower in CAP than NC sperm treated with Ru360 (Fig. 5D).
Thus, we concluded that Ru360 abolished the MMP increase observed in
wild-type sperm after capacitation.

Finally, we assessed the effects of Ru360 on sperm hyperactivation
by performing computer-assisted sperm analysis (CASA). In NC sperm,
only 10% of sperm were hyperactive even at the highest extracellular
[Ca?*] tested (2 mM). In CAP samples treated with vehicle, approxi-
mately 30% of sperm were hyperactive at 2 mM extracellular [Ca®"].
However, Ru360 treatment significantly diminished capacitation-
induced hyperactivation (Fig. 5E and Table 4). To exclude the possi-
bility that Ru360 impaired hyperactivation by directly inhibiting CatS-
per channels, we used Fluo-4 AM fluorescence to measure Ca®" influx
through CatSper channels in the absence and presence of Ru360. We
found that membrane depolarization with KCI still triggers an increase
of cytoplasmic [Ca?*] even in the presence of Ru360, confirming that
this compound did not inhibit Ca?* influx through CatSper channels
(Supplementary Fig. 7A). Together, these results suggest that the in-
crease in mitochondrial [Ca®'] contributes to sperm hyperactivation,
and that this increase depends on extracellular [Ca%t].

3.6. Hyperactivation relies on ADP/ATP translocase activity

In Fig. 1B, we showed that the RCR was higher in CAP sperm than in
NC sperm, suggesting that mitochondria in CAP sperm produce more
ATP, which could be required for sperm hyperactivation. To test this
idea, we inhibited ATP/ADP exchange between the mitochondria and
the cytosol by capacitating sperm in the presence of Atractyloside (ATR)
(an inhibitor of the adenine nucleotide translocase residing in the inner
mitochondrial membrane). Measurements with CASA, showed that the
percentage of hyperactivated sperm was significantly lower in sperm
treated with ATR than in those treated with vehicle (26.57 Mean + 5.95
SD, n = 10, vs. 34.02 Mean + 8.77 SD, n = 9, P < 0.01, Fig. 6A). To
exclude the possibility that ATR impaired hyperactivation by directly
inhibiting CatSper, we used Fluo-4 AM fluorescence to measure Ca>"
influx through CatSper in the absence and presence of ATR. This
experiment confirmed that ATR did not inhibit Ca®* influx through
CatSper channels (Supplementary Fig. 7B). It is noteworthy that the
percentages of hyperactivity inhibition were very similar when sperm
were incubated in the presence of Ru360 or ATR, (35.77 Mean + 26.85
SD, n = 6, vs. 26.42 Mean + 10.41 SD, n = 6; Fig. 6B). This result
suggests that Ca?" entry into mitochondria during capacitation is
important for the ATP production involved in sperm hyperactivation.

Table 4

Percentage of hyperactivation from Fig. 5E. Hyperactivated motility was
measured with CASA in NC, CAP (Control), and CAP+20 pM Ru360 samples at
different [Ca*]. Independent t-test was used to evaluate statistical significance
between NC, CAP and CAP + Ru360 groups at the same [Ca?*].

Extracellular [Ca®"] Wild-type p-value
mM
Mean SD n
0 NC 0 2.50E- 4 0.197
03
CAP 5.0865 6.1481 4 0.91
CAP + 3.8123 7.3331 5
Ru360
0.5 NC 10.6899  4.3254 6 0.035
CAP 22.1885 9.6493 6 0.04
CAP + 12.85 5.283 6
Ru360
1 NC 9.2572 7.7815 6 0.01
CAP 25.8553 10.9269 7 0.03
CAP + 17.4244  7.8503 7
Ru360
2 NC 11.5959 9.2466 5 0.022
CAP 28.3665 10.678 6 0.03
CAP + 17.7953  10.2253 6

Ru360
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4. Discussion

Together, our data support the following model (Fig. 7): CatSper
channel activation during sperm capacitation induces Ca?" influx and an
increase in cytoplasmic [Ca2+]. This increase in intracellular [Ca2+]
starts in the principal piece, propagates through the midpiece, and
reaches the head in a few seconds [15]. The MCU then transports ca®t
into the mitochondria, leading to increased mitochondrial efficiency,
which promotes sperm hyperactivation and sperm’s ability to fertilize
an oocyte.

The role of mitochondria in mammalian sperm function, quality, and
fertilization ability has been intensely debated for several years [12,14,
25,26,35]. The contribution of mitochondria to sperm bioenergetics is
unclear, and the source of the ATP used for sperm motility and hyper-
activation has been long debated. The studies carried out in several
species have provided different or conflicting results. In mouse sperm,
glycolysis-produced ATP is sufficient to sustain progressive motility [12,
27]. Conversely, in human sperm, a strong correlation has been noted
between mitochondrial functionality and sperm motility or overall
quality [28,29]. Therefore, one idea is that sperm have versatile
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metabolism, allowing them to use species or environment dependent
mechanisms for energy production [29,30].

Here, we measured mitochondrial activity in NC and CAP mouse
sperm by two independent methods. First, we used HRR to measure
mitochondrial oxygen consumption in intact and motile sperm cells [16,
31,32]. During capacitation, mitochondrial coupling efficiency
increased, indicating that mitochondrial electron transport chain is
more closely coupled to ADP phosphorylation in CAP sperm than in NC
sperm. Additionally, we noted an increase in RCR in CAP sperm, sug-
gesting that mitochondrial function improved to increase ATP produc-
tion, or to maintain the elevated MMP. However, the reserve respiratory
capacity, which reflects the capacity of sperm to respond to energy de-
mands, was not modified in CAP sperm, suggesting that sperm operate
close to their bioenergetic limit [17]. As a second method to study
mitochondrial function, we used the voltage-sensitive dye TMRM to
measure sperm MMP both at the sperm population, and single cell level,
observing an increase in MMP and mitochondria function [33]. There-
fore, we conclude that sperm mitochondrial function increases during
capacitation.

Our work has a significant advantage over previous findings

Sperm Principal Piece

CatSper

Ca2+

Fig. 7. Proposed model for a role of sperm mitochondria in capacitation/hyperactivation processes. CatSper activation during capacitation determines Ca>*
influx and the increase in cytoplasmic [Ca%*], that starts in the sperm principal piece, propagates through the midpiece, and reaches the head in a few seconds (20).
Our data shows that the Ca?" propagation through the midpiece leads to an increase in mitochondrial Ca®>* mediated by MCU. The increase in mitochondrial Ca*’
translates into an increase in mitochondrial efficiency that in turn promotes hyperactivation and in-vitro fertilization. Other molecular mechanisms involved in this
pathway (e. g. possible role of the redundant nuclear envelop) need to be elucidated.
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regarding a role of mitochondria in sperm capacitation. Our study was
conducted in intact and motile sperm, while earlier studies have used
non-physiological conditions (permeabilized and/or non-motile sperm)
[13,14,34-36] .

Our experiments done in the presence of mitochondrial function
inhibitors indicated that mitochondrial activity is not necessary for two
features of capacitation —~AR and tyrosine phosphorylation- but is
contributing significantly to sperm hyperactivation and fertilization
ability. These findings are consistent with observations that sperm from
CatSper KO mice fail to hyperactivate and fertilize, but the AR and
tyrosine phosphorylation are unaffected [37]. Additionally, these find-
ings are consistent with our observation that sperm from CatSper KO
mice did not have an increase in RCR or MMP in capacitating conditions.
Although the downstream targets of the CatSper-mediated cytoplasmic
[Ca®'] increase have not been fully characterized [6,7], sperm from
CatSper KO have decreased NADH levels in the midpiece and a deficit in
ATP production [5,37]. It is possible that the tail-to-head propagation of
Ca?* initiated by CatSper activation triggers an increase in [NAD] and
may regulate ATP homeostasis [15]. Moreover, our finding that CatSper
channels are required for increased mitochondrial [Ca®"] in CAP sperm
adds a new role for the sperm-specific Ca?* channel.

Several lines of evidence suggest that, at least in somatic cells,
regulated Ca’?" entry into mitochondria increases the efficiency of
oxidative respiration [38,39]. Mitochondrial [Ca®*] is considered a
central regulator of oxidative phosphorylation by mediating NADH
production and controlling activity of pyruvate dehydrogenase, iso-
citrate dehydrogenase, and a-ketoglutarate dehydrogenase [8,40].
Mitochondrial [Ca®'] also plays an important role in regulating ATP
synthase [8,39,41] and can trigger the release of pro-apoptotic agents by
the mitochondria [42]. However, the precise role of Ca®" in sperm
mitochondria is still under debate [11]. Some evidence suggests that
maintenance of mitochondrial Ca?* homoeostasis is essential for
motility regulation in human sperm [43] and bovine sperm [44,45].
Whereas in contrast, other studies reported that sperm mitochondrial
[Ca2+] is unaltered by mitochondrial uncoupling [46] and in bulls,
mitochondrial activity in hyperactivated sperm appears not to be
regulated by [Ca%'] [47]. Thus, the role of Ca’tin sperm mitochondrial
Ca?" homoeostasis may be species-specific.

Our data showing that mitochondrial Ca®* uptake in mouse sperm
occurs through the MCU are consistent with similar findings in somatic
cells where MCU is known to control intracellular Ca®* signals, cell
metabolism, and cell survival [9,48]. Specifically, we found that the
MCU inhibitor Ru360 decreased mitochondrial [Ca2+] in mouse sperm
during capacitation and inhibited sperm hyperactivation. These results
agree with previous results showing that mitochondrial Ca®* contributes
to motility regulation in human sperm [43] and capacitation in bovine
sperm [45]. Proteomic studies have confirmed that human sperm
possess both MCU and MCU regulator 1 [11,49], so this protein may be
required for mitochondrial Ca%* uptake in human sperm as well. MCU
has a low affinity for Cat uptake [9,54], leading some to speculate that
Ca2" transfer into mitochondria occurs at highly specialized regions of
close contact between mitochondria and endoplasmic reticulum called
mitochondria-associated membranes [9]. Some of the molecular com-
ponents of mitochondria-associated membranes are present in sperm,
distributed in the acrosome and at the sperm neck and anterior mid-
piece. Endoplasmic reticulum in this location is referred to as the
redundant nuclear envelope [47,51]. Further studies are needed to
determine whether these sites of contact between the redundant nuclear
envelope and mitochondria participate in the increase of mitochondrial
[Ca®t] during capacitation.

In conclusion, our results show that mitochondrial activity (i.e., ox-
ygen consumption, generation of the electrochemical gradient, ATP/
ADP exchange) increases during sperm capacitation and this increase in
activity contributes to sperm hyperactivation and sperm fertilization.
The increase in mitochondrial coupling efficiency is consistent with
Ca?" influx through CatSper channels and Ca?* entry into the
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mitochondria through the MCU. This increase in mitochondrial Ca%*
could translate either into an increase in ATP production due to the Ca%*
dependency of many of the mitochondrial enzymes, or play a role in
shaping intracellular calcium signals. Both mechanisms, acting inde-
pendently or together, would be relevant to achieve sperm hyper-
activation. Our discovery of new mechanisms that explain sperm
function may lead to the use of new molecules for fertility treatments
and male contraception.
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Supplementary Figures.
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Supplementary Fig. 1
Population (M1) measurements of sperm mitochondrial membrane potential (MMP)

with TMRM under NC and CAP conditions. A. and B. show representative histograms of
the 3 populations of cells recorded with the flow cytometer (M1, M2, and FCCP) under NC
and CAP conditions respectively (also shown on Fig. 1). Fluorescence values of FCCP
population at each experiment were used as Fmin for normalization of M1 and M2
values. C. Graph showing normalized values of M1 under NC and CAP conditions. Graph
shows mean, n = 8. paired t-test was used to determine statistical significance. ns > 0.050.
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Supplementary Fig. 2

Tyrosine phosphorylation increases during capacitation and is not impaired by the
mitochondrial inhibitor Antimycin A. A. Representative western blots for tyrosine
phosphorylated proteins. B. Protein levels in independent western blots were quantified by
densitometry and normalized using tubulin as loading control. Quantification of bands is
expressed as mean £ SEM in units of density (n = 6). Semen samples were centrifuged at
500 g and the pellet was resuspended in lysis buffer supplemented with protease and
phosphatase inhibitors. Suspensions were sonicated for 5 s and then centrifuged at 14000 g
for 10 min at 4°C. Protein concentration was determined by the Bradford method [52].
Unedited images used to create Supplementary Fig. 2A and B are available.
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Supplementary Fig. 3

Intracellular Ca** increases during capacitation in wild-type but not in CatSper KO,
mouse sperm. Ratiometric measurements with Fura-2 AM were used to calculate
intracellular free [Ca?*] in wild-type and CatSper KO mice sperm. Free swimming epididymal
(Cauda) sperm cells were obtained using the swim-up technique in NC Media. Cells were
loaded for 45 min with Fura-2 AM at a concentration of 4 uM. Before recordings start, sperm
were centrifuged and resuspended in the NC HS media. A. Average traces of calculated
intracellular [Ca®*] for wild-type and CatSper KO mice. Recordings were started in HS NC
and switched after 3—4 min to CAP HS Media. Bars are SEM. B. Average of intracellular
[Ca?"l in nM for wild-type and CatSper KO mice after 20—30 min of incubation in CAP HS
Media.
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Supplementary Fig. 4

Fluo-5N fluorescence colocalizes with mitochondria markers in mouse sperm. A. Acr-
eGFP + Su9-Red2 transgenic mice expressing GFP in sperm acrosome and RFP in sperm
mitochondria loaded with Fluo-5N AM. Acr-eGFP + Su9-Red2 loaded with Fluo-5N AM.
Localization of RFP in the midpiece of the sperm. Merge of RFP and Fluo-5N showing co-
localization in yellow. B. Wild-type C57BL6 mice sperm loaded with Fluo-5N AM and
MitoTracker AM. Merged image of Fluo-5N and MitoTracker. Colocalization showed in
yellow. Middle and right panel show sperm cells without and with acrosome
respectively. C. Wild-type mice sperm loaded with Fluo-4 AM and MitoTracker AM. Merge of
Fluo-4 and MitoTracker, bars=10um. D: Diagram of mitochondrial localization in the mid-
piece of mouse sperm. E. Representative images of sperms labeled with Fluo-4 AM and
Fluo-5N (left) and merged images of Fluo-5N and RFP or Mitotracker (right). F. Combined
fluorescence profiles of the midpiece labeled with RFP, Mitotracker and Fluo-5N or Fluo-4
(n=7-10).



R 4

Region of Interest N .

B. . 2 uM 5uM lono
% LS Fccp | Feop 2 Ca?*
§ 1.2 M=
=
E e
Z P
To) s
6 TR
=N —
TH s
m b i
™ 0 200 400 600
Time (sec)

5uM lono

0 100 200 300 400 500 600
Time (sec)
Supplementary Fig. 5
Effect of FCCP on sperm cells loaded with Fluo-5N AM or with Fluo-4 AM. A. Scheme
indicating that fluorescence was measured only in the sperm midpiece. B. Representative
recording of Fluo-5N fluorescence under conditions indicated in figure. C. Representative
recording of Fluo-4 fluorescence under conditions indicated in the figure. Error bars

represent SD. Fluo-5N fluorescence ratios were calculated as = Finitiai - (Fiono EGTA)/
Fiono 2Ca®*. For Fluo-4 AM loading protocol, see Supplementary Fig. 7.
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Supplementary Fig. 6

Mitochondrial [Ca®'] increase during capacitation is reduced by the CatSper channel
inhibitor Mibefradil. Graph shows initial fluorescence values normalized to Flono EGTA
(0 mM Ca?* + lonomycin + EGTA) / Fiene2Ca®* (lonomycin +2 mM Ca®"). Recordings were
obtained at 1 and 2 mM extracellular Ca?* for both conditions (CAP Control and CAP with
20 uM Mibefradil). Independent t-test were used to evaluate statistical significance between
groups at the same extracellular [Ca?']. ***P < 0.001. Error Bars represent SD. n = 42-138

cells from 3 mice for each condition.



A. Mitochondrial calcium uniporter (MCU) inhibitor,
Ru360 does not inhibit CatSper.

2mM KCI86 KC'“" IonoZCa

Ca> 20 pM Ru360
1.0
g 0.8
= 0.6
LL
— 04
W 02
0.0
-0.2
0 100 200 300 400 500
Time (sec)
2mM KC' 8.6 + KCI 86 | Iono zCaz
caz I pM Ru360
1.2
1.0
2 os
§ 0
L. 06
~ 04
L o2
0.0
-0.2
200 300
Time (sec)
B. ADP/ATP translocase competitive inhibitor,
Atractyloside (ATR) does not inhibit CatSper.
2mM KCI 8.6 + »
Ca?* KCI 8.6 lono 2 Ca?
1.2 1
10 1 M
20.8 1
o
L 0.6 1
—
n 0.4
0.2 1
0.0 1
-0.2 &

0 200 400 600 800
Time (sec)

Supplementary Fig. 7

Ru360 and ATR have no effect on CatSper channels in CAP mouse sperm. Sperm cells
were loaded with Fluo-4 AM and CatSper activation was triggered by alkaline depolarization
(50 mM KCI, pH 8.6). A Top: average traces + SD of Fluo-4 fluorescence recorded under
conditions indicated in fig, 20 yM Ru360 was added after stimulation of CatSper channels
with alkaline depolarization. Bottom: 20 yM R360 was added simultaneously with 50 mM
KCI pH 8.6. B. Average traces of Fluo-4 fluorescence recorded in the conditions indicated
in fig, 5 yM ATR was added after stimulation of CatSper channels with alkaline
depolarization. Errors bars are SD. Protocol: After swim-up, motile cells were incubated with
2—4 uM Fluo-4 AM and 0.05% Pluronic F-127 in HS media at 37 °C for 90 min. Then, cells
were centrifuge at 1500 rpm for 10 min and re-suspended in the HS media. Sperm were
allowed to attach to laminin (1 mg/ml), Poly-I-lysine (0.1%) or cell-tak coated coverslips
placed at the bottom of the recording chamber for 5 min. lonomycin (5 yM) and HS 2 mM
Ca®" were added at the end of the recordings as references of maximum fluorescence.
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1. Abstract

Capacitation is a physiological process in which sperm must undergo post-ejaculation to gain the
ability to fertilize an egg. This process occurs in the female reproductive tract and involves a series
of biochemical and physiological changes. A critical component of sperm capacitation is the influx
of calcium ions (Ca?*) through the cation channel of sperm (CatSper), which plays a pivotal role in
regulating fertilization. In previous research, we found that during mouse sperm capacitation, Ca*
influx leads to increased mitochondrial activity and elevated intramitochondrial Ca?* concentration,
which are essential for sperm hyperactivation and successful fertilization. However, studies in other
species suggest that this mechanism may be species-specific.

Recently, we observed that mitochondrial activity also increases during human sperm capacitation.
To determine whether this increase is associated with Ca?* influx, we measured mitochondrial
function in human sperm using high-resolution respirometry, assessed mitochondrial membrane
potential, and quantified sperm mitochondrial Ca* concentration. Our results show that
mitochondrial Ca®* levels rise during capacitation, correlating with enhanced mitochondrial
function. Notably, mitochondrial activation during capacitation is crucial for human sperm
hyperactivation. These findings indicate that the mechanism previously identified in mice is
conserved in human sperm.

Key Words
Sperm capacitation, Mitochondria activity, Hyperactivation, Calcium, Male fertility.

2. Introduction

Sperm capacitation is a crucial physiological process that enables sperm to gain the ability to fertilize
an egg. This process takes place in the female reproductive tract and involves a series of biochemical
and physiological changes. During capacitation, the sperm membrane undergoes modifications that
increase its fluidity, while intracellular ion concentrations, particularly calcium (Ca?*) and
bicarbonate, are tightly regulated. These changes activate protein kinase A (PKA)-dependent
signaling pathways, leading to protein phosphorylation. This results in an increase in intracellular
pH and hyperpolarization of the membrane potential, which enhances sperm motility
(hyperactivation) and triggers the acrosome reaction (AR) 1™

Intracellular Ca®* flux plays a central role in capacitation, with sperm relying on rapid ion exchanges
within the flagellum, facilitated by specialized ion channels?. Among these, the CatSper (cation
channel of sperm) is the primary channel responsible for importing extracellular Ca?* into the sperm
tail >’. Mouse sperm lacking CatSper fail to undergo hyperactivation and become infertile, despite
having normal AR and tyrosine phosphorylation. Additionally, CatSper knockout sperm exhibit
reduced ATP levels compared to wild-type sperm ®°.

In previous studies on mouse sperm, we observed that Ca?* influx via CatSper during capacitation
increases mitochondrial Ca* levels through the mitochondrial calcium uniporter (MCU), enhancing
mitochondrial efficiency. This boost in mitochondrial function contributes to sperm hyperactivation



and fertilization potential 1°. Similar to other cell types, this process likely occurs because Ca?* entry
into mitochondria activates Ca?*-dependent mitochondrial enzymes, leading to increased ATP
production necessary for motility 1223, Furthermore, Ca?* may shape intracellular signaling cascades,

although the downstream effects of CatSper-mediated Ca?*influx remain incompletely understood
8,9

In contrast, other studies have found in bulls that mitochondrial activity in hyperactivated sperm
seems to be independent of Ca?* regulation!®. This indicates that the role of Ca%" in sperm
mitochondrial homeostasis may vary across species. Also, there are reports of inter-species
differences based on the source of the sperm °.

In one of our recent studies, we observed that mitochondrial function increases during capacitation
in sperm from normozoospermic donors®®. It is well established that different concentrations of Ca?*
are required for the progression of capacitation-related events in human sperm?’. It has also been
shown that patients requiring in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSl)
often exhibit defects in Ca?* reservoirs'®. While the connection between Ca?* and fertility in human
sperm is evident, the precise mechanisms involved, and the potential role of mitochondria as a Ca*
reservoir, remain unclear.

In this study, we aimed to investigate the relationship between mitochondrial activity and Ca?* flux
in sperm, focusing on their roles in sperm function. Specifically, we assessed whether the
mechanism described by Ferreira and Cassina et al., 2021%°, is conserved in human sperm. Using
high-resolution respirometry (HRR) to evaluate mitochondrial function in capacitated and non-
capacitated sperm from normozoospermic donors, as well as measuring mitochondrial Ca%
concentrations, our results revealed that, like findings in mouse sperm, mitochondrial function and
Ca?* uptake increase during capacitation. This process is essential for hyperactivation. Therefore, we
are faced with a mechanism that may be conserved between both species.

3. Materials and Methods
3.1. Reagents

All chemicals, unless otherwise specified, were obtained from Sigma-Aldrich Chemical Co. (St. Louis,
MO, United States).

3.2. Subjects selection and Ethical Guidelines

In accordance with the World Health Organization's Laboratory Manual for the Examination and
Processing of Human Semen (WHO, 2021)%, freshly ejaculated human semen samples were
collected via masturbation following an abstinence period of 3 to 7 days. The samples were gathered
in sterile plastic containers and promptly transported to the laboratory. This study included men
who visited the Fertilab-Reprovita andrology clinics (Montevideo, Uruguay) for routine semen
analysis between March 2022 and June 2024. Additionally, samples from volunteer donors from
Saint Louis Fertility Clinic between September 2022 and March 2023 were also included.



The semen samples used in the study were classified as normozoospermic, based on WHO (2021)
criteria®®, regardless of the participants' fertility status. Clinical examinations and diagnostic semen
analyses were conducted at Reprovita or Fertilab laboratory. Samples were excluded from the study
if the white blood cell count exceeded 0.5 x 108/mL or if leukocytospermia was present. Men with
genital tract infections, varicocele, or a history of vasectomy were also excluded.

Participants who met the inclusion criteria were randomly assigned to various experimental groups
(n=5to 14 depending on the experimental procedure). All the experiments were performed paired.

The study was approved by the Ethics Committee of the Facultad de Medicina at the Universidad de
la Republica, Montevideo, Uruguay. Written informed consent was obtained from all participants
prior to sample collection, and participant anonymity was maintained by laboratory personnel, with
no involvement from the researchers.

3.3. Semen Evaluation

Fresh semen samples were allowed to liquefy at room temperature for 30 minutes. After
liquefaction, semen volume, pH, biochemical composition of seminal plasma, sperm viability, and
morphology were evaluated according to WHO guidelines®.

Sperm concentration and motility parameters were analyzed using an SCA-Microoptics automated
analyzer (CASA) (Barcelona, Spain) with default settings in line with WHO criteria’®. Semen aliquots
were placed in two pre-warmed CELL-VU® sperm counting chambers (Millennium Sciences, Inc.,
New York, USA), and ten fields per chamber were randomly examined using a Nikon microscope at
37°C. The kinetic characteristics of hyperactivation (in 5 samples) were specifically analyzed for
motile sperm, defined by CASA parameters as curvilinear velocity (VCL) >150 um/s%2®,

3.4. Sample preparation and capacitation

Liquefied samples were centrifuged at 500 x g for 10 minutes at room temperature to separate the
sperm from the seminal plasma. The sperm pellet was then resuspended in Biggers Whitten
Whittingham (BWW) medium, containing 95 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl,, 1.2 mM KH,POQ,,
1.2 mM MgSQ,, 5.6 mM glucose, 0.27 mM sodium pyruvate, 20 mM HEPES (acid-free), 44 mM
sodium lactate, and 0.3% BSA at pH 7.4%.

The sperm suspension in BWW was divided into two portions: one aliquot was designated as non-
capacitated sperm (NC), while the other was treated with 25 mM NaHCOs; to induce capacitation
(CAP). Both aliquots were incubated for 4 hours at 37°C before further analysis.

3.4. Acrosome reaction evaluation

The AR status was assessed in both NC and CAP sperm from 5 samples using Pisum sativum
agglutinin conjugated with fluorescein isothiocyanate (PSA-FITC). To induce AR, sperm cells were
incubated at 37°C for 30 minutes with 10 uM progesterone at the end of the capacitation process.
Additionally, the mitochondrial inhibitor antimycin A (AA) (Sigma Aldrich, St. Louis, MO) was added
to CAP sperm, either with or without progesterone.



For the assay, 10 x 1076 cells from each condition were smeared onto slides, air-dried, and fixed in
100% ethanol for 30 minutes. The slides were then incubated with 50 pg/mL PSA-FITC for 30
minutes, followed by 0.4 ug/mL DAPI for 15 minutes. After staining, the slides were air-dried and
mounted with coverslips using a Tris 4:1 glycerol mounting medium. Between each step, the slides
were washed twice with phosphate-buffered saline (PBS) for 10 minutes.

The stained spermatozoa were examined under a Nikon E100 microscope (Japan) at 400x
magnification, with at least 200 sperm evaluated per experiment.

3.5. Mitochondrial function by high-resolution respirometry

The oxygen consumption rate (OCR) of 24 x 108 sperm from 14 men, in both NC and CAP states, was
measured using high-resolution respirometry (HRR) with the Oxygraph-2K (Oroboros Instruments
GmbH, Innsbruck, Austria), following the protocol of Irigoyen et al. (2023)%. Mitochondrial function
was assessed in intact cells using BWW medium. Briefly, OCR was recorded before and after the
sequential addition of 2 pg/mL oligomycin (an ATP synthase inhibitor), the uncoupling agent
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) at concentrations ranging from 0.1 to
1 uM, and 2.5 uM AA (a complex lll inhibitor). Residual oxygen consumption was distinguished from
mitochondrial respiration by subtracting the AA slope from all other values prior to parameter
calculation. We compared the adjusted slopes (normalized per million cells) and calculated indices
including the respiratory control ratio (RCR), defined as the ratio of maximal to oligomycin-resistant

respiration rates?%22,

3.6. Flow cytometry for membrane potential and Ca?* concentration in
mitochondria

Suspended cells were divided into two samples, each with a final concentration of 10° cells/mL. The
samples (13 for TMRM and 7 for Fluo5-N) were immediately incubated at 37°C with either 300
nmol/L of the lipophilic cationic dye tetramethyl rhodamine methyl ester perchlorate (TMRM)°
(Sigma-Aldrich Inc., St. Louis, MO, USA) for 25 minutes, or with 2—4 pM Fluo-5N AM (Invitrogen,
USA) and 0.05% Pluronic F-127 for 60-90 minutes. TMRM was used to measure mitochondrial
membrane potential (MMP), while Fluo-5N AM was used to measure Ca?* concentration in
mitochondria. After staining, the probes were removed by centrifugation at 400 g, and the samples
were resuspended in 1000 pL of PBS. Half of the washed sample (500 uL) was analyzed by flow
cytometry, while the other half was incubated with 20 uM FCCP or 2-5 uM ionomycin in 0 Ca**and
2 mM EGTA for 15 minutes prior to analysis. These treated samples provided Fmin values for
normalizing fluorescence data. Geometric mean fluorescence values from treated samples served
as the baseline for normalizing fluorescence, accounting for variations in probe loading across
experiments.

Flow cytometry was conducted using a FACSCalibur flow cytometer (Becton Dickinson, San Jose,
CA). Cellular size and granularity were assessed using forward scatter (FSC-H) and side scatter (SSC-
H) parameters. For each sample, 30,000 single events were recorded in the forward/side scatter dot
plot, with gating applied to distinguish sperm from debris. TMRM and Fluo-5N AM fluorescence



were detected using FL-2 and FL-1 filters, respectively. Data was analyzed with CellQuest software.
Two distinct cell populations (M1 and M2) with varying mitochondrial membrane potentials (MMP)
were consistently identified. The population with higher MMP (M2) was analyzed based on the
criteria of Ferreira and Cassina et.al (2021)°.

3.7. Statical analysis

All statistical analyses were performed using GraphPad Prism version 8.0.1 for Windows (GraphPad
Software, San Diego, CA, USA). Data are presented as means with standard deviations (SD) and
standard errors of the mean (SEM). The Wilcoxon signed-rank test was used to compare central
tendencies, with a p-value of < 0.05 considered statistically significant. Due to limitations in
biological material, sample sizes may vary between experiments.

4. Results
4.1. Subject selection

Descriptive statistics for age and semen parameters, including medians, means, standard errors (SE),
standard deviations (SD), and ranges (minimum and maximum values), are detailed in
Supplementary Table 1. These parameters, derived from semen sample analysis, include semen
volume, sperm concentration, sperm vitality, percentage of normal sperm, sperm motility, and
round cell concentration. The study population, comprising 43 men aged 23 to 40 years, was
evaluated according to the 2021 WHO criteria®® .

4.2. Mitochondrial function increase during human sperm capacitation

To investigate mitochondrial function during human sperm capacitation, oxygen consumption rates
(OCR) were measured in NC and CAP sperm cells from 13 samples using high-resolution
respirometry (HRR). The procedure generally follows the methods described by Irigoyen et al., 2024,
with the following modifications. Key mitochondrial activity parameters and indices were calculated
using equations previously described (Table 1) 22?2, Significant differences in basal respiration were
observed between NC and CAP spermatozoa, with CAP sperm showing an increase (Table 1). Also,
we observed an increase in ATP turnover in CAP sperm (Table 1). Additionally, CAP sperm exhibited
a significantly higher RCR compared to NC sperm, indicating enhanced mitochondrial function (Table
S1, Figure 1A). CAP sperm also demonstrated improved coupling efficiency (Table 1, Figure 1B). No
significant differences were found in other parameters or indices between the two groups (Table 1).



Table 1. provides detailed parameters and key respiratory indices derived from HRR traces for both non-
capacitated (NC) and capacitated (CAP) human sperm. The measurement and calculation of these respiration
parameters were conducted as outlined in the “Materials and Methods” section. Basal respiration reflects
oxygen consumption in the presence of exogenous substrates, while proton leak corresponds to respiration
that is resistant to oligomycin. ATP turnover corresponds to the difference between the previous two (basal
respiration - proton leak). The maximum respiratory rate was recorded after the dissipation of the proton
gradient using FCCP. Non-mitochondrial respiration was defined by oxygen consumption following the
addition of AA. Several calculated indices were derived from these parameters, including the RCR, which is
defined as the ratio of maximum respiratory rate to proton leak, coupling efficiency, calculated as (ATP
turnover) / basal respiration, and spare respiratory capacity, defined as the ratio of maximum respiratory rate
to basal respiration?l. The table also provides data for the number of donors (N), maximum (Max) and
minimum (Min) values, as well as standard deviation (SD). Statistical significance is indicated by *p < 0.05, **p
<0.01, and ***p < 0.001.

N Mean Min Max SD
Parameters ( pmol O, * sec™ *mL* 10° cells) NC | CAP [ NC | CAP [ NC | CAP | NC | CAP p-value
Basal respiration 0.55 0.83 | 006 0.13 | 179 256 | 054 0.82 0.0100 *
Proton leak 036 043 (004 007|132 128 )| 040 041 0.0535
ATP turnover 0.17 037 | 0.02 0.06 | 047 150 | 0.16 0.42 <0.0001 ***
Maximum respiratory rate 097 124|006 0.13 | 3.23 3.70| 112 110 0.0803
Non-mitochondrial respiration i 0.44 0.56 | 0.03 0.04 | 2.07 250 | 0.55 0.72 0.1294
Indices
RCR 257 315|129 161|257 3.16 | 096 156 0.0254 *
Coupling efficiency 0.37 046|022 021|066 063|014 0.11 0.0068 **
Spare respiratory capacity 158 157|083 094 | 256 269 | 057 0.50 0.4434

Next, MMP was measured by flow cytometry in NC and CAP sperm using the TMRM dye. As reported
in Ferreira et.al.'?, two distinct sperm populations (M1 and M2), representing different MMP levels,
were identified in both NC and CAP sperm (Figure 1C). The one with the highest fluorescence
corresponded to the M2 population. The M2 population showed significantly higher normalized
fluorescence in CAP sperm compared to NC sperm.

Collectively, these findings indicate that mitochondrial activity is higher in CAP sperm than in NC
sperm, suggesting a shift in bioenergetic demands during capacitation.

4.3. Mitochondrial function is necessary for hyperactivated motility

To examine the role of mitochondrial activity in human sperm capacitation-associated events,
sperm were incubated for 4 hours under control conditions or in the presence of AA or FCCP.
Progesterone was added during the final 30 minutes to induce the AR in select fractions. AR and
VCL, a marker of hyperactivation, were assessed. The results showed a decrease in VCL with AA
treatment compared to the control group (Fig. 2A). Although FCCP also reduced VCL, this reduction



was not statistically significant. Neither AA nor FCCP affected the percentage of sperm undergoing
spontaneous or induced AR (Fig. 2B).

Collectively, these findings suggest that while mitochondrial activity during capacitation is not
crucial for the AR, it plays a pivotal role in promoting sperm hyperactivation and is likely important
for successful oocyte fertilization.

4.4. Mitochondrial Ca?* concentration increases during capacitation

To investigate whether the CatSper-dependent increase in cytoplasmic Ca2* during capacitation also
leads to an increase in mitochondrial Ca?, similar to the events shown in mouse sperm (Ferreira and
Cassina et. al. 2021'°), we measure mitochondrial Ca?* concentration using the fluorescent Ca%
indicator, Fluo-5N. Fluo-5N has a lower Ca?* -binding affinity, making it suitable for detecting the
higher Ca?* concentrations present in mitochondria. Using this method, we measured mitochondrial
Ca?* levels in both NC and CAP sperm by flow cytometry. Our results showed that mitochondrial
Ca?* levels were significantly higher in CAP sperm compared to NC sperm when extracellular Ca%
was present (Figure 3). This data supports the conclusion that CatSper-dependent increases in
cytoplasmic Ca?* during capacitation also elevate mitochondrial Ca?* levels in human sperm.
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Figure 1. Mitochondrial activity increases during capacitation. A comparison between non-capacitated (NC)
and capacitated (CAP) sperm: (A) RCR, calculated as the ratio of maximum respiration rate to proton leak
(N=13), (B) Coupling efficiency, calculated as ATP turnover relative to basal respiration (N=13), both obtained
using HRR?!, and (C) normalized TMRM fluorescence values of the M2 cell population, recorded by flow
cytometry (N=12). Results are presented as mean + SEM. *p<0.05, **p<0.01.

5. Discussion

Sperm capacitation is a critical process which involves functional changes for successful fertilization.
One of the first events in capacitation is the elevation of intracellular Ca*", which activates cell signal
cascades to produce the functional change in the cell*. Capacitation is historically associated with




increased energy demands®?*2¢, Mitochondria is reported as a Ca%* storage site in other cells!'?7:28,
as well as having a role in buffering Ca?*'2%-%, |n this study, we investigated mitochondrial activity in
capacitated human sperm to understand the connection between Ca?* uptake and enhanced
mitochondrial function. Our key contribution lies in demonstrating that human sperm capacitation
is accompanied by an increase in mitochondrial activity linked with an increase in intramitochondrial
Ca?*, which proved to be necessary for the hyperactivation.

We compared mitochondrial function between NC and CAP human sperm using two distinct
methods. First, we employed HRR to measure OCR%!62131 Consistent with findings from other
studies using extracellular flux analysis in mouse sperm?®, CAP sperm exhibited higher basal oxygen
consumption, likely due to increased mitochondrial activity. In line with our previous results!®, the
slope corresponding to non-mitochondrial respiration (OCR following the addition of AA) was higher
in CAP sperm, suggesting increased reactive oxygen species (ROS) production. However, in the
current study, this difference was not statistically significant, potentially due to the limited number
of assays performed (preliminary results). We also observed increased coupling efficiency in CAP
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Figure 2. Mitochondrial inhibitors significantly impair mouse sperm capacitation. (A) presents
measurements of curvilinear velocity (VCL) obtained by CASA from capacitated (CAP) sperm under control
conditions (Ctrl) and in the presence of AA or FCCP (N=6); (B) shows both spontaneous AR and progesterone-
induced (P4) AR in CAP sperm under control conditions and with AA or FCCP (N=5). The graph depicts mean +
SEM, with statistical significance determined using independent t-tests. *p < 0.05.
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sperm, indicating that the mitochondrial electron transport chain is more effectively coupled to ADP
phosphorylation. Finally, we detected an increase in the RCR, which reflects critical aspects of
mitochondrial function, including MMP, respiratory chain activity, and oxygen consumption for ATP
production 192322 While we have previously reported that mitochondrial function increases during
capacitation in human sperm using HRR?, the capacitation model in this study was different. Both
NC and CAP sperm were incubated for 4 hours without or with bicarbonate, respectively. In contrast,
our previous publication involved incubating both NC and CAP sperm in a complete capacitation
medium, with NC samples measured at time 0. We can conclude that the results obtained from
both capacitation protocols are comparable, showing no significant differences. These results align
with previous observations in mice!®, suggesting increased mitochondrial activity during sperm
capacitation. Additionally, using the voltage-sensitive dye TMRM to measure MMP via flow
cytometry3?33, we observed an increase in MMP in CAP sperm. Thus, our results are consistent with
existing literature?®3*% reinforcing the role of mitochondrial function in the capacitation process.
It is important to note that our methods offer a distinct advantage, as they allow for the
measurement of mitochondrial function within a cellular context, using intact and motile cells. This
contrasts with extracellular flux measurements or those conducted on permeabilized cells, where
the cellular integrity and/or motility are not preserved?:.

Experiments using mitochondrial function inhibitors revealed that while mitochondrial activity is not
required for the AR, it plays a significant role in supporting sperm hyperactivation. These findings
align with observations in mouse sperm, where mitochondrial inhibition leads to reduced
hyperactivation and decreased in vitro fertilization rates'®. However, due to ethical constraints,
assessing the impact of mitochondrial inhibition on fertilization in human sperm is not feasible.

It is well established that mitochondrial Ca?* uptake in somatic cells plays a crucial role in regulating
mitochondrial function, metabolism, and energy production'*??®, The increase in
intramitochondrial Ca?* entry enhances the efficiency of oxidative phosphorylation by serving as a
central regulator of key enzymes, including a-ketoglutarate dehydrogenase, pyruvate
dehydrogenase, isocitrate dehydrogenase, and ATP synthase!l. For sperm cells to achieve
capacitation, they must be incubated in a medium containing Ca%*?. Previously, we demonstrated
that the activation of CatSper channels, essential for Ca%* influx during capacitation, is closely




associated with increased mitochondrial activity in mouse sperm°. In this study on human sperm,
we observed a parallel increase in both mitochondrial function and intra-mitochondrial Ca2* levels
in CAP sperm. Based on these findings, we hypothesized that Ca?>* may regulate oxidative
phosphorylation and be responsible for triggering the observed increase in mitochondrial activity in
human CAP sperm necessary for the hyperactivation. Supporting our findings, other studies have
observed that maintaining mitochondrial Ca?* homeostasis is crucial for motility regulation in
human sperm 3¢, Recently, in pig sperm, the regulation of Ca?* flux through Na*/Ca?* exchangers was
identified as critical for the functional changes that occur during capacitation, including
hyperactivation and the AR. Disruption of Ca?* homeostasis during capacitation was found to
prevent the expected increase in MMP and ROS, highlighting the interconnected nature of these
processes®’. The role of Ca?* in regulating mitochondrial homeostasis in sperm appears to be a
conserved mechanism in both human and mouse sperm. Supporting the conservation of the
mechanism between both species, recent studies have revealed that human sperm with normal
semen parameters but deficient in CatSper channel are unable to undergo hyperactive motility and,
as a result, cannot penetrate the egg's outer layer. These patients can only achieve pregnancy
through intracytoplasmic sperm injection (1CSI)%.

In conclusion, mitochondrial activity in human sperm increases during capacitation, accompanied
by enhanced mitochondrial Ca?* uptake mediated by the CatSper channel. Without sufficient
mitochondrial activity, hyperactivation is reduced. This study underscores the critical role of the
interplay between Ca?* signaling and mitochondrial function in achieving capacitation in human
sperm. We propose that this mechanism is conserved between mice and humans. Further
investigation is needed to understand the downstream processes.
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11. Supplementary Figures

Supplementary Table 1. Descriptive characteristics of semen parameters from 43 normozoospermic
participants. Data were collected from the first spermiogram of individuals who attended the andrology clinic
or Santi's lab. Max = maximum value; Min = minimum value. *WHO 2021 reference values®.

Parameter Mean SD Median | Max Min Reference
limit (> or <)
Patient age (yr) 30.9 5.4 30.0 40.0 23.0 -

Volume (mL) 2.8 0.6 3.0 4.0 2.0 14
Sperm concentration (million/mL) | 114.5 100.2 93.2 25.2 435.0 15.0
Sperm vitality (%) 88.5 2.9 89.0 93.0 84.0 54.0
Normal sperm morphology (%) 7.4 21 7.0 12.0 4.0 4.0
Progressive motility (a+b) (%) 58.4 7.3 59.5 71.0 44.0 30.0
Round cells (million/mL) 0.4 0.3 03 1.0 0.2 1.0




5.2. Estudiar la funcién de la mitocondria en la produccién de ROS durante la
capacitacion espermatica

Articulo 1: Mitochondrial function and reactive oxygen species production during human
sperm capacitation: Unraveling key players.

Pilar Irigoyen, Santiago Mansilla, Laura Castro, Adriana Cassina* y Rossana Sapiro*.
*Ambas autoras comparten la Ultima autoria.
FASEB Journal 2024;38:e23486. D0OI:10.1096/fj.202301957RR

El objetivo del trabajo fue estudiar si el aumento en la funcién mitocondrial durante la
capacitacion se asociaba a un incremento en la producciéon de ROS mitocondrial. La investigacion
involucré 112 donantes normozoospérmicos. Analizamos la funcién mitocondrial mediante HRR
y la produccién de H,0, extracelular en espermatozoides humanos CAP y NC. Observamos que,
durante la capacitacion, el RCR aumenté en un 36%, acompafiado de un incremento en la tasa
de consumo de oxigeno en presencia de AA. La oxidacidon de Amplex Red reveld que la deteccion
extracelular de H,0; es tres veces mayor en espermatozoides CAP que en los NC. Para confirmar
que la produccion de H,0, depende de la formacién mitocondrial de O, evaluamos la cantidad
y actividad de la ACO2, asi como el papel de ACO2 en el flujo metabdlico del ciclo de Krebs.
Estimamos que las células CAP producen, en promedio por individuo, un 59 + 22% mas de 0,™
en estado estacionario en comparacion con las células NC. Finalmente, estudiamos dos objetivos
del estrés oxidativo: la peroxidacidn lipidica mediante western blot contra 4-HNE vy la actividad
de la succinato deshidrogenasa mediante HRR. No observamos modificaciones en la
lipoperoxidacién ni en la actividad de la succinato deshidrogenasa, lo que sugiere que, durante
la capacitacidn, el aumento en la produccion de H,0O, mitocondrial no es suficiente para dafiar
las células. Por tanto, nuestros resultados muestran la importancia de las mitocondrias para una
produccién controlada de ROS durante la CAP. Esta funcidn seria necesaria para que la CAP
ocurra con normalidad llevando a una fecundacién exitosa.
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Abstract

Sperm capacitation is a critical process for male fertility. It involves a series of
biochemical and physiological changes that occur in the female reproductive
tract, rendering the sperm competent for successful fertilization. The precise
mechanisms and, specifically, the role of mitochondria, in sperm capacita-
tion remain incompletely understood. Previously, we revealed that in mouse
sperm mitochondrial activity (e.g., oxygen consumption, membrane potential,
ATP/ADP exchange, and mitochondrial Ca*") increases during capacitation.
Herein, we studied mitochondrial function by high-resolution respirometry
(HRR) and reactive oxygen species production in capacitated (CAP) and non-
capacitated (NC) human spermatozoa. We found that in capacitated sperm
from normozoospermic donors, the respiratory control ratio increased by 36%,
accompanied by a double oxygen consumption rate (OCR) in the presence
of antimycin A. Extracellular hydrogen peroxide (H,0,) detection was three
times higher in CAP than in NC sperm cells. To confirm that H,0, produc-
tion depends on mitochondrial superoxide (O;") formation, we evaluated mi-
tochondrial aconitase (ACO2) amount, activity, and role in the metabolic flux
from the sperm tricarboxylic acid cycle. We estimated that CAP cells produce,

Abbreviations: AA, antimycin A; ACO2, aconitase; ADP, adenosine diphosphate; ALH, amplitude lateral head; ATP, adenosine triphosphate;
BWW, Biggers Whitten Whittingham; cAMP, cyclic adenosine monophosphate; CAP, capacitated; CASA, computer aided sperm analysis; DTT,
dithiothreitol; ETC, electron transport chain; FAD, flavin adenine dinucleotide; FCCP, carbonyl cyanide-P-trifluoromethoxy-phenylhydrazone;
FITH, fluorescein isothiocyanate; HNE, 4-hydroxynonenal; HRP, horseradish peroxidase; HRR, high-resolution respirometry; LIN, linearity; MCU,
mitochondrial calcium uniporter; NAD, Nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; NC, non-
capacitated; NOS, nitric oxide synthase; NOX5, NADPH oxidase 5; OCR, oxygen consumption rate; OXPHOS, oxidative phosphorylation; PSA, Pisum
sativum agglutinin; pY, tyrosine phosphorylation; RCR, respiratory control ratio; SD, standard deviation; SDH, succinate dehydrogenase; SOD,
superoxide dismutases; VCL, linear curvilinear velocity; WHO, World Health Organization.
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1 | INTRODUCTION

Mammalian sperm capacitation is a critical process that
enables spermatozoa to acquire the ability to fertilize an
oocyte. It involves a series of biochemical and physiolog-
ical changes that occur in the female reproductive tract,
ultimately rendering the sperm competent for successful
fertilization. During capacitation, the sperm acquires the
ability to undergo acrosome reaction and modifies their
motility pattern (known as hyperactivation), permitting
the spermatozoa to reach the zona pellucida and penetrate
the oocyte.l'4 Despite extensive research, there are still no
definite conclusions about the biochemical mechanisms
of the sperm capacitation process.

One aspect that has garnered attention in recent
years is the role of mitochondria in this process.”™
Sperm capacitation includes several cell modifications
that are accompanied by an increase in energy require-
ments. Ion active transport, acrosome reaction, sperm
hyperactivation, and subsequent increased motility have
high-ATP demands.® Despite the high efficiency of mi-
tochondrial oxidative phosphorylation (OXPHOS), gly-
colysis is considered the preferential energy pathway
for human sperm capacitation and hyperactivation.'®™
Consequently, the source of ATP in this process is under
constant debate. In this regard, our group revealed
that in mice, sperm mitochondrial activity (i.e., oxygen
consumption, membrane potential, and ATP/ADP ex-
change) increases during sperm capacitation.® In addi-
tion, we have shown that the increase in mitochondrial
function is accompanied by Ca** influx through CatSper
channels and Ca*' entrance into the mitochondria
through the mitochondrial calcium uniporter (MCU),
and this increase in activity contributes to sperm hyper-
activation and sperm fertilization.

Mitochondria are known for their crucial role in en-
ergy production and calcium metabolism and serve as the

on average by individual, (59 +22)% more O in the steady-state compared to
NC cells. Finally, we analyzed two targets of oxidative stress: lipid peroxida-
tion by western blot against 4-hydroxynonenal and succinate dehydrogenase
(SDH) activity by HRR. We did not observe modifications in lipoperoxidation
nor the activity of SDH, suggesting that during capacitation, the increase in
mitochondrial H,O, production does not damage sperm and it is necessary for
the normal CAP process.

aconitase 2, male fertility, mitochondrial activity, reactive oxygen species, respirometry assay,

principal source of reactive oxygen species (ROS) in so-
matic cells. In mitochondria, the electron transport chain
is one of the main intracellular sites of superoxide (O3)
formation. Complex I (both by forward and reverse elec-
tron transport) and complex IIT are now recognized as the
major sites of mitochondrial O production. Superoxide
renders hydrogen peroxide (H,0,) by spontaneous or cat-
alyzed dismutation achieved by superoxide dismutases
(SOD), manganese containing SOD (MnSOD) in the ma-
trix and copper-zinc containing SOD (CuZnSOD) in the
intermembrane space.'*™*?

ROS in small quantities drive various elements of
sperm function, including capacitation, but when gen-
erated in excess, they can overwhelm the small anti-
oxidant defenses of the spermatozoa and produce cell
damage.'®" Oxidative stress is one of the main causes
of the presence of defective sperm cells in human ejac-
ulate,'®**"* and it is sustained that ROS-mediated dam-
age to spermatozoa contributes to male infertility in
30%-80% of the cases.”

The source of ROS in sperm has been challenged.
They can potentially be generated by sperm mitochon-
dria®* but also by other sources, %2727 e.g., oxidase en-
zymes like amino acid oxidases or NADPH oxidase
(NOX5)** from both spermatozoa or leucocytes. The
contribution of each source in normal and pathological
conditions is not completely elucidated and may have
implications for understanding the role of sperm mito-
chondria in capacitation.

Herein, we explored the role of mitochondrial res-
piration using high-resolution respirometry (HRR) in
both capacitated and non-capacitated sperm from nor-
mozoospermic donors, as well as their ability to pro-
duce O; during the process. Our results showed that
mitochondrial function, as well as ROS production,
increases in human normozoospermic cells during ca-
pacitation. These data support a functional link of O3
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mitochondrial in the process of sperm capacitation.
Interestingly, the increase of mitochondrial O produc-
tion observed during capacitation did not produce detri-
mental effects on sperm.

2 | MATERIALS AND METHODS

2.1 | Reagents

Chemicals (unless otherwise indicated) were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, United
States).

2.2 | Selection of subjects and
ethical guidelines

Freshly ejaculated human semen was obtained through
masturbation following a recommended 3-day period of
abstinence. The semen was collected into a sterile plastic
container and immediately transported to the laboratory.
The study involved a total of 112 men who presented to
the Fertilab and Reprovita andrology clinics (Montevideo,
Uruguay) for routine semen analysis between March 2018
and April 2023.

All the samples used in the study were categorized
as normozoospermic based on the criteria established
by the World Health Organization (WHO) criteria.*"*?
This categorization of samples was independent of fer-
tility status. Any samples with a white blood cell count
exceeding 0.5 X 10°/mL or leukocytospermia were dis-
carded.’® Men who had genital tract infections, varico-
cele, or had undergone vasectomy were excluded from
the study.

Men who met the inclusion criteria were finally en-
rolled in this work. They were randomly assigned to
different experimental groups as follows: 41 men were
included in respirometry studies (20 intact cells, 17 per-
meabilized cells for complex II analysis, and five flu-
orocitrate studies), 14 samples were selected for H,0,
measurement, 19 for 4-hydroxynonenal western blot
and 16 for aconitase activity studies. In addition, 22 men
were included in capacitation studies, and certain pa-
rameters were measured in samples that had been used
for other experiments.

The project received approval from the Ethics
Committee of the Facultad de Medicina de la Universidad
de la Republica Montevideo, Uruguay. Before sample
collection, informed written consent was obtained from
all participants. The laboratory personnel ensured the
anonymity of the participants without involving the
researchers.

;'IC-ASEBJournaI

2.3 | Semen evaluation and
motility analysis

Semen samples were left at room temperature for 30 min
to complete liquefaction. Semen volume, pH, biochemis-
try analysis of seminal plasma and sperm viability, and
morphology were analyzed according to WHO.*!*

Two sperm counting chambers CELL-VU® (Millennium
Sciences, Inc., New York, USA) pre-warmed were loaded,
and ten different fields per chamber were randomly ex-
amined using a Nikon microscope at 37°C. Concentration
and motility parameters were analyzed using an SCA-
Microoptics automated analyzer (CASA) (Barcelona,
Spain) with default settings as per the WHO criteria.*
The analysis of kinetic characteristics for hyperactivation
was examined only for motile sperm and they were sorted
using the reported CASA parameters: linear curvilinear
velocity VCL>150pm/s, linearity LIN <50%, and the
amplitude lateral head ALH > 3.5 um.**

2.4 | Preparation of the samples and
capacitation

Samples were centrifuged at room temperature at 500g for
10 min to separate sperm from seminal plasma. Sperm cells
were suspended in Biggers Whitten Whittingham medium
(BWW: 95mM NacCl, 4.6 mM KCl, 1.7mM CacCl,, 1.2mM
KH,PO,, 1.2mM MgSO,, 5.6mM glucose, 0.27mM so-
dium pyruvate, 20mM acid-free HEPES, 25mM NaHCOj,,
44 mM sodium lactate and 0.3% BSA, pH 7.4).>* The sperm
suspension in BWW was split into two different parts. An
aliquot was immediately processed to avoid letting it trig-
ger the capacitation process (non-capacitated, NC), and
the other one was incubated for 4h at 37°C (capacitated,
CAP). If a subsequent washing step was included is de-
scribed below.

2.5 | Acrosomal reaction

The percentage of capacitated spermatozoa was deter-
mined both in NC and CAP by Pisum sativum aggluti-
nin (PSA) labeled with fluorescein isothiocyanate (FITC)
(PSA-FITC) according to the WHO criteria.”’ To induce
the acrosome reaction sperm cells were incubated for
30min at 37°C with 10pM of progesterone or calcium
ionophore A23187. Briefly, an aliquot of 10 x10° cells
was smeared onto slides, air dried, and fixed in Ethanol
100% for 30 min. Following this, slides were incubated for
30 min with 50 pg/mL of PSA-FITC. Slides were then incu-
bated for 15min with 0.4 pg/mL DAPI. Finally, slides were
air-dried and sealed with a cover slip using a mounting
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medium (Tris 4:1 Glycerol). Between the different steps,
slides were washed twice with phosphate-buffered saline
(PBS) for 10 min. Stained sperm were examined under a
microscope at 400x (Nikon E100, Japan) to analyze the
acrosome reaction status.

2.6 | Western blot

Sperm suspensions of both conditions were washed with
PBS and centrifuged for 10min at 500g. The remaining
pellet was resuspended in chilled lysis buffer (20mM
Tris-HCl, 150mM NacCl, 0.1% Triton X-100, 1 mM EGTA,
25mM sodium pyrophosphate, 0.1% SDS, and protease
inhibitors (Mini Tablets Thermo Fisher, USA)) and incu-
bated on ice. Later, samples were sonicated for 5s at 4°C,
centrifuged for 10 min at 14000g, and stored at —80°C.
Protein concentration was measured by the Bradford
method.*

Proteins (30pg) were loaded on 10%-12% SDS-poly-
acrylamide gel and were transferred to nitrocellulose
membrane (GE Healthcare, Piscataway, NJ) overnight at
20V and 4°C. Membranes were blocked for 1h at room
temperature in Tris Buffered Saline 0.1% vol/vol Tween-20
(TBS-T) and 5% wt/vol BSA. The membranes were
washed twice with TBS-T for 5min and incubated over-
night shaking at 4°C with one of these primary antibod-
ies: mouse monoclonal anti-phosphotyrosine (03-7700,
pY20, Invitrogen), goat anti-4-HNE (ab46544, Abcam),
rabbit anti-aconitase 2 (ab71440, Abcam), or rabbit anti-
alpha tubulin (Cell Signaling, it was the loading control
for normalized protein levels). After three washes with
TBS-T, membranes were incubated at room temperature
for 1h with the corresponding secondary antibody: anti-
mouse IRDye® 800CW/680CW, anti-goat IRDye® 800CW,
anti-rabbit IRDye® 800CW (926-32210, 926-68070, 926-
32214, 926-32211, Li-COR, Lincoln, NE). Membranes
were washed three times for 10 min with TBS-T and im-
munoreactive proteins were detected using an infrared
fluorescence detection system (Odyssey CLx, Li-COR,
Biosciences). Bands were quantified by densitometry
using Image Studio software (Li-COR Bioscience, version
2.0).

2.7 | Evaluation of mitochondrial
function by high-resolution respirometry

Oxygen consumption rate (OCR) of 24 x10° sperm NC
and CAP was measured by HRR (Oxygraph-2K; Oroboros
Instruments GmbH, Innsbruck, Austria) following the
protocol described in Irigoyen et al.*® Briefly, the two pro-
tocols used are described below.

2.7.1 | Intactcells

The mitochondrial function of sperm cells was measured
in BWW media as previously described.®*® Briefly, basal
respiration was measured for 10 min before adding 2 pg/
mL oligomycin (ATP synthetase inhibitor). Maximum
respiration was obtained by subsequent stepwise addi-
tion of the uncoupling agent 0.1-1uM carbonyl cyanide-
P-trifluoromethoxy-phenylhydrazone (FCCP). Finally,
a complex III inhibitor, 2.5pM antimycin A (AA) was
added to distinguish mitochondrial from residual oxy-
gen consumption (non-mitochondrial respiration). The
non-mitochondrial oxygen consumption was subtracted
from all other values before calculating parameters. We
compared the different slopes (values were adjusted per
million cells), calculated ATP turnover (basal respiration-
proton leak), and the indices as the ratio between dif-
ferent parameters as follows: respiratory control ratio
(RCR)=maximal/proton leak, spare respiratory capac-
ity=maximum respiratory rate/basal respiration and cou-
pling efficiency =(basal respiration — proton leak)/basal
respiration.**%*

2.7.2 | Permeabilized cells

NC and CAP cells were centrifuged for 10 min at 500g.
The supernatant was discarded and replaced with mi-
tochondrial respiration medium (MRM: 0.1% BSA,
5mM KH,PO,, 1mM EGTA, 5mM MOPS, and 300 mM
sucrose, pH7.4). Mitochondrial basal respiration was
measured for 5min and then the sperm cells were per-
meabilized by the addition of 22.5 pM digitonin. Oxygen
consumption measurements for complex II were ob-
tained before and after the sequential addition of sub-
strates and inhibitors of the respiratory chain: 10 mM
succinate, 1.2mM adenosine diphosphate (ADP), 2 g/
mL oligomycin, and subsequent stepwise addition of
0,1-1 M FCCP. Finally, respiration was inhibited with
2.5pM AA, these values were subtracted before calcu-
lating the index. The RCR for permeabilized cells was
calculated as the ratio between state 3 (after ADP ad-
dition) and state 4 respiration (after addition of gluta-
mate/malate) rates.

The role of ACO2 inhibition afforded in mitochon-
drial OCR was determined after the addition of 10 mM
citrate, 2mM malate, and 1mM ADP and the subse-
quent addition of the ACO2 inhibitor fluorocitrate.
Fluorocitrate titration consisted of three steps adding
1.5pL of 10 mM stock (final concentrations: 7.5, 15, and
22.5pM). Aconitase-driven respiration was confirmed
by recovered respiration after the addition of 5mM
isocitrate®®
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2.8 | Evaluation of hydrogen peroxide
production in sperm cells

Extracellular H,O, production of sperm cells was
measured by 10-acetyl-3,7-dihydroxyphenoxazine dye
(Amplex™Red) in the presence of horseradish peroxi-
dase (HRP) as previously described in Irigoyen et al.*
Previously, NC and CAP cells were centrifuged for
10min at 500g and resuspended in HAM-F10 medium
(126 mM NacCl, 3.8 mM KCl, 1.08 mM NaH,PO,, 0.6 mM
MgS0,.7H,0, 0.3mM CaCl,, 6mM glucose, 20mM
HEPES and 6 mM NaHCO, pH7.4). Briefly, between 2
and 6 x 10° spermatozoa were placed in 96-well Nunc F
plates in a final volume of 100pL and exposed to 8pg/
mL HRP and 50 pM Amplex Red (Invitrogen, Waltham,
Massachusetts, USA). The H,0, present in the sample
was determined from a calibration curve obtained with
H,0, (final concentration 0.03-8pM). Measurement
was performed after 30min at 37°C in a Flash Spectral
Scanning Multimode Reader (Varioskan, Thermo Fisher
Scientific, MA USA) at Aex=530nm and Aem =590 nm.
Duplicates were performed in samples and triplicates in
the standard curve.

2.9 | Aconitase activity

NC and CAP sperm suspensions were centrifuged for
10min at 500g and resuspended in a chilled lysis buffer
(10mM Tris, 0.25M sucrose, 2mM citrate, 1mM suc-
cinate, pH7.4). Later, samples were sonicated for 30s at
4°C and incubated on ice for 20min with Triton 0.5%.
Finally, samples were centrifuged for 10min at 15000g
and supernatants were immediately measured or stored
at —80°C for a maximum of ten days. Under these condi-
tions, no significant decay in ACO2 activity was detected
(not shown). NC and CAP paired samples were evaluated
simultaneously. Protein concentration was quantified by
Bradford method.*

Aconitase activity was measured by coupled assay to
isocitrate dehydrogenase,” following the production of
NADPH at 340nm (g5,0=6.22mM ' cm™") in a Shimadzu
UV-2450 spectrophotometer. The reaction was performed
in a final volume of 1mL and the reaction mixture con-
tained 50mM Tris/HCl pH7.8, 0.2mM NADP*, 0.6mM
MgCl,, 0.5-1U isocitrate dehydrogenase, and 5mM so-
dium citrate. In some experiments, increasing concentra-
tions of the aconitase competitive inhibitor fluorocitrate
(5-40 pM), were added.

Aconitase activity was normalized to the protein con-
centration or the ACO2/tubulin ratio obtained by western
blot densitometry. For ACO2 reactivation, the lysate was
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incubated with 10mM dithiothreitol (DTT) and 100puM
Fe(NH,),(SO,), under argon for 30 min in an anaerobic vial.

2.10 | Statistics

Statistical analysis was performed based on the GraphPad
Prism statistical package version 8.0.1 for Windows,
GraphPad Software, San Diego, California USA, www.
graphpad.com. Data were expressed by arithmetic means
and the corresponding standard deviation (SD) and stand-
ard error of the mean (SEM) in graphs. Comparison
between central tendencies was performed using the
Wilcoxon signed-rank test. A p-value of less than .05 was
considered statistically significant. As biological material
was limited in most of the assays, the sample size between
experiments can differ.

3 | RESULTS

3.1 | Subject selection

The means, standard deviation (SD), median, maximum,
and minimum values for age and semen parameters ob-
tained from classic spermiogram analysis are presented
in Table S1. These parameters include semen volume,
sperm concentration, sperm vitality, percentage of normal
sperm, progressive motility, and round cell concentration.
The study involved 112 men, between the ages of 20 and
55years old, who were diagnosed as normozoospermic
based on the 2021 WHO criteria.*!

3.2 | Capacitation-associated events
are shown after incubation in BWW
medium

Sperm capacitation is characterized by several events,
namely, a change in the motility pattern known as hy-
peractivation (characterized by asymmetrical flagellar
beating), a time-dependent increase in tyrosine phos-
phorylation (pY), and the acquisition of the ability to
undergo the acrosome reaction.”> We assessed these
capacitation-related events immediately (referred to as
NC) and after a 4-h incubation in a BWW medium?**
supplemented with BSA and bicarbonate (referred
to as CAP) (Figure S1). Sperm incubated under CAP
conditions exhibited a higher percentage of hyper-
activated cells (Figure S1A) (NC: 0.93+2.18 vs CAP:
2.67+2.13, N=14), an increase in pY (Figure S1B,C)
(NC: 5.23+4.98, CAP: 11.32+12.89, N=8), and a
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greater number of sperm without an acrosome cap com-
pared to NC cells (Figure S1D) (NC: 17.29 + 6.4, CAP:
34.29 +18.16, CAPi: 45.25+7.45, N=7). Based on these
findings, we can conclude that the CAP fraction repre-
sents a capacitated state.

3.3 | Mitochondrial function increases in
human sperm capacitation

To investigate the role of OXPHOS in human sperm ca-
pacitation, we compared the OCR of NC and CAP sperm
cells from 19 samples using HRR. Various parameters
and three indices representing mitochondrial function,
described by Brand et al. and Irigoyen et al.,***” were
obtained (Table S2). The indices are ratios of oxygen
consumption and are therefore internally normalized to
cell number. We observed significant differences in non-
mitochondrial consumption, RCR, and spare respiratory
capacity indices.

CAP spermatozoa exhibited a higher RCR than NC,
indicating improved mitochondrial function under these
conditions (Table S2, Figure 1A) (NC: 2.63+0.75, CAP:
3.65+1.40, N=20). Furthermore, CAP sperm showed an
increase in spare respiratory capacity (Table S2, Figure 1B)
(NC:1.38+0.26, CAP: 1.86 +0.68, N=20), suggesting that
they operate far to their bioenergetic limit.

Conversely, CAP sperm demonstrated a higher OCR in
the presence of AA compared to NC (Table S2, Figure 1C)
(NC: 0.14+0.13, CAP: 0.29+0.28, N=20). The addition
of AA inhibits electron flow at complex III specifically
at the coenzyme-Q cycle, favoring the formation of O}
. Therefore, the higher slope of mitochondrial oxygen

consumption in CAP sperm could indicate a greater mito-
chondrial ROS generation.

3.4 | Increased H,O, production during
capacitation

To investigate whether this condition is associated with
an increase in ROS, we compared the extracellular H,O,
production between NC and CAP sperm obtained from 23
samples. To achieve this objective, we measured the reac-
tion between Amplex™ red and H,O, in the presence of
HRP.* As illustrated in Figure 2A, CAP sperm exhibited
H,0, production that was three times higher than NC
sperm. This finding aligns with previous studies that have
demonstrated the essential role of ROS species at low con-
centrations in the capacitation processes.”*'™*

The lipid aldehyde 4-hydroxynonenal (4-HNE) is the
most abundant and reactive aldehyde, resulting from
the peroxidation of polyunsaturated fatty acids (PUFAs).
It induces protein damage and subsequent alteration in
cell function.** Mammalian spermatozoa, in particular,
are characterized by a high proportion of PUFA. To fur-
ther investigate potential indications of oxidative stress
damage in CAP samples, specifically about the observed
increase in H,0, levels, we examined the presence of 4-
HNE in proteins from NC and CAP sperm by Western blot
(Figure 2B,C). As shown in Figure 2C, there were no sig-
nificant differences in 4-HNE between the two states (NC:
3.70 +£2.74, CAP: 3.77+3.28, N=19).

Aldehydes have been found to bind to succinate de-
hydrogenase affecting its activity in sperm cells.”* As
shown in Figure 2D,E, the RCR of complex II, which
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FIGURE 1 Mitochondrial activity is higher during capacitation. (A) Respiratory Control Ratio (RCR) values are calculated as maximum

respiratory rate/proton leak. (B) Spare respiratory capacity values are calculated as maximal respiratory rate/basal respiration. (C) Non-

mitochondrial respiration consumption (Antimycin A-resistant respiration rates) per million of sperm cells. CAP, capacitated sperm cells;
NC, non-capacitated sperm cells; Results are expressed as mean +SEM. *p <.05, **p <.01 (N=20).
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FIGURE 2 H,0, production is increased in capacitated human sperm (CAP) without substantial evidence of oxidative stress damage.
(A) Production of extracellular H,0, by 10° sperm cells using the Amplex red™ system (N=13). (B) Representative western blot with
antibody against 4-Hydroxynonenal (4-HNE). (C) Protein levels of anti-4-HNE normalized to tubulin (loading control) detected in
independent western blot (N=19). (D) Representative respiratory traces for 30 x 10° sperm cells NC (green line) and CAP (blue line). AA,
antimycin A; ADP, adenosine diphosphate; DIG, digitonin; FCCP, carbonyl cyanide p-trifluoro methoxyphenylhydrazone; OLI, oligomycin;
SUC, succinate. (E) Respiratory control ratio (RCR) calculated as state 3 (after addition of 1.2 mM ADP)/state 4 (after addition of —10mM
succinate) (N=17). Results are expressed as mean +SEM. n.s=p>.050, **p <.01.

reflects its function, was the same between NC and CAP
sperm (NC: 1.72+0.54, CAP: 1.70+0.43, N=17). This
suggests that the observed increase in H,0, production
in CAP sperm does not significantly impact the activity
of the complex.

Therefore, under CAP conditions, there was an in-
crease in the production of extracellular H,O, without
causing significant oxidative damage.

3.5 | Mitochondrial aconitase revealed
that superoxide production increased
during sperm capacitation

ACO2 is a tricarboxylic-acid enzyme that catalyzes the
reversible isomerization of citrate to isocitrate via cis-
aconitate. Active ACO2 contains a non-redox [4Fe-4S]**
prosthetic group in which one of the iron ions, Fe, is not
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ligated to a protein residue, and thus can bind to hydroxyl
groups of substrates or water; hence, the integrity of the
Fe-S cluster is essential for the catalytic activity. Due to
Fe, accessibility to the solvent, ACO2 is an extremely
oxidant-sensitive tricarboxylic-acid enzyme. Oxidized in-
active [3Fe-4S]*-ACO2 can be reactivated in vitro by re-
incorporation of Fe?*: which is favored by reductants, or
in vivo favored by Fe-chaperons partners such as Frataxin.
The ratio [3Fe-4S] T-ACO2 to [4Fe-4S]*-ACO2 has been
used to determine the steady-state concentration of O} in
cells even in the presence of other oxidants that also react
with AC02.*4

Analysis of samples from 12 independent donors
revealed that ACO2 levels in sperm cells decreased
on average 65% after undergoing capacitation, while
the ACO2-specific activity was only reduced by 24%.
Surprisingly, ACO2 activity normalized by the ACO2/TUB
ratio revealed no significant differences in ACO2 activity
(Figure 3B-E).

Upon reactivation of NC and CAP cells, an increase of
71% and 140%, respectively, was observed (Figure 3F,G).
From this data, active and inactive ACO2 proportions
can be calculated for NC and CAP cells, as shown in
Figure 3H. In CAP cells, total ACO2 is decreased, and
the reactivable proportion of ACO2 is higher than in
NC cells. It is important to point out that our biochem-
ical analysis of ACO2 activity allows us to calculate the
amount of ACO2 that is active concerning total ACO2,
which is impossible when commercial activity kits
are used as DTT and Fe®" are included in the reaction
mixture.

As ACO2 is sensitive to O and is one of its few spe-
cific targets, the ratio between inactive and active ACO2
in cells can be used as a proxy of the mitochondrial O3
levels in steady-state.*> The ratio of O levels in steady-
state between CAP and NC cells can be calculated by the
next equation:

= < [3Fe—4S]TACO2 )
[02 ]CAP _ \ [4Fe—4S1**ACO2 /cpp

o— - —4S]+
[02 ]NC ( [3Fe—4S]*ACO2 )
NC

[4Fe—4S]>*ACO2

By applying this equation to samples shown in
Figure 3, we estimated that CAP cells produce, on aver-
age by individual, (59+22)% more O} in steady-state in
comparison to NC cells. As the second-order rate con-
stant for the reaction between the mammalian ACO2 and
O3 has been reported to be in the range of 0.8 X 107 to
2.3 x108M 757 it is possible to calculate the absolute
O steady-state concentration by applying the following
equation:

k,[057] [[4Fe—4S1**ACO2| = k[[3Fe —4S]**ACO2]

where k represents the pseudo-first-order rate constant
for reactivation. Considering the data reported for A549
lung carcinoma human cells (k=0.8 x10'M 's™' and
k,=0.0014 s_l), we can calculate that in NC sperm cells, 0’2‘
steady-state concentrations would be 200+40 pM and in
CAP cells 260+ 30 — pM (pooled data).

As the RCR during sperm capacitation is increased and
ACO?2 is decreased, we aim to explore the role of ACO2
in the metabolic flux from the tricarboxylic acid cycle
and the respiratory chain. Fluorocitrate, a suicide aconi-
tase inhibitor, was used to perform aconitase activity and
aconitase-dependent respiration titrations to asses the
control exerted by ACO2 in a metabolic step or network
following cell respiration. The aconitase-driven respira-
tion was assessed by the addition of citrate and ADP as
substrates (Figure 4A), and fluorocitrate was sequentially
added until inhibition was observed. The specificity of
the inhibition was confirmed as the respiration was re-
covered by isocitrate (Figure 4A,B). Due to sample lim-
itations, we could not perform a complete fluorocitrate
titration to obtain an exact threshold for inhibition and
the control coefficients exerted by ACO2 in sperm cells as
we did before for rat mitochondria.*’ However, Figure 4C
reveals that the IC, for fluorocitrate inhibition of ACO2
could be determined in NC lysates and is 5.3 pM similar to
that reported for different rat tissues ACO2.*” As shown in
Figure 4, the OCR of NC cells decreases only on average
by an individual 42 + 2% when ACO?2 is inactivated by 90%
at the same fluorocitrate concentration (22.5pM). In total,
these experiments dismiss the essential role of ACO2 ex-
erting flux control over respiration in spermatic human
cells.

4 | DISCUSSION

As mentioned earlier, sperm capacitation is a critical
process required for successful fertilization in mammals.
Capacitation is accompanied by an increase in energy de-
mand."** This concept has been challenged by the fact
that glycolysis is considered the preferred energy me-
tabolism pathway for capacitation and hyperactivation of
human spermatozoa,'®*? suggesting that the role of mi-
tochondria in sperm drives other functions beyond ATP
synthesis.

The importance of mitochondria in sperm biology is un-
derlined by several studies, improper mitochondrial func-
tion can impair sperm quality, reviewed in Refs. [22,49]. In
humans, mitochondrial metabolism correlates positively
with human parameters in NC sperm.***° In addition, mi-
tochondrial membrane potential (MMP), which serves as
an indicator of mitochondrial energy and functional sta-
tus, is related to sperm viability,” fertilization,”® and the
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FIGURE 3 Analysis of ACO2 activity revealed increased mitochondrial superoxide production during sperm capacitation. (A) [4Fe-
4S]**-ACO2 reacts fast with superoxide leading to an inactive [3Fe-4S]*-ACO2 form. In the presence of Fe** and DTT under Argon, full
activity can be recovered. Oxidized ACO2 (among other modifications) is a target of mitochondrial Lon protease. (B, C) Expression and

quantification of ACO2 in sperm cells determined by immunoblotting assay. Tubulin was used as a loading control. (D) Aconitase activity

in sperm sample lysates was measured by the coupled assay using isocitrate dehydrogenase. (E) Aconitase activity normalized to ACO2

expression. (F, G) Normalized aconitase activity of NC and CAP sperm cells before and after incubation with 100 pM Fe?* and 10mM

DTT under argon flow for 30 min. R: Reactivated. (H) Active and inactive ACO2 proportions relative to ACO2 protein levels. n.s=p>.050,

*p<.05, *p <.01.

ability to carry out the acrosome reaction.”® Other authors
have also shown that capacitation induces mouse sperm
mitochondria to form better-defined cristae confirming
the important role of mitochondria during capacitation.>*

In the present work, we demonstrated an increase
in RCR and the spare mitochondrial capacity in human
sperm, confirming similar behavior in mitochondrial mice

and human sperm®. Notably, the respiratory control ratio
reflects the most crucial points of mitochondrial function,
e.g., the respiratory chain, mitochondrial membrane po-
tential, and the amount of oxygen consumed dedicated
to the production of ATP,***7* suggesting that an overall
increase in sperm mitochondrial activity occurs during
capacitation. In human sperm, a 34% increase in the
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FIGURE 4 Mitochondrial oxygen consumption elicited by aconitase in non-capacitated human sperm. (A) Representative respiratory
traces in digitonin-permeabilized cells in the presence of increasing concentrations of fluorocitrate (final concentrations: 7.5, 15, and
22.5uM). Blue line: O, concentration. Red line: O, flux per volume correlated. DIG = Digitonin (22.5pM), MAL/CIT = Malate/Citrate
(2mM/10mM), ADP = Adenosine diphosphate (1.25 mM), FLU = Fluorocitrate (7.5, 15 and 22.5pM), ICT =Isocitrate (5mM) and

AA =Antimycin A (2.5pM). (B) Decrease in oxygen consumption in the presence of 22.5uM of fluorocitrate (N=5). (C) Aconitase activity
in sperm cells as a percentage of control at different concentrations of fluorocitrate. ICs,=concentration of fluorocitrate needed to reduce
aconitase activity by 50% (IN=3). Results are expressed as mean +SEM. A paired Mann-Whitney test was used to evaluate the statistical

significance between ADP vs. FLU and FLU vs. ICT. *p <.05, **p <.01.

spare mitochondria capacity was also observed (Table S2),
suggesting that during capacitation either recruitment
of more active mitochondria occurs or more mitochon-
drial respiratory chain complexes are activated than in
non-capacitated conditions.’” In agreement with these
data, other authors observed an increase in mitochon-
drial membrane potential during mouse capacitation.’
Importantly, sperm mitochondria form a helicoidal sheath
stabilized by sulfur bridges that do not permit phenomena

like fusion, fission, or mitochondrial biogenesis.53’54 Asa
consequence, the number of mitochondria in the mature
sperm is considered to be constant. In addition, as all the
experiments were performed as paired. Therefore, the
increase in spare respiratory capacity observed in CAP
sperms reflects that more mitochondrial complexes are
being recruited instead of changes in mitochondrial mass.

In parallel with the increase in mitochondrial func-
tion, capacitated human sperm showed increased oxygen
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consumption after the addition of AA compared with NC
sperm. In the presence of mitochondrial substrates, AA
inhibits the Coenzyme Q cycle, leading to an increase
in semiquinone formation and thus O formation by
Complex III. Since we did not use rotenone to inhibit
Complex I, we cannot exclude the role of this mitochon-
drial complex as an O}~ generator through reverse electron
transport in this model."?

An important question in the field is which is the
main trigger of the observed increase in mitochondrial
activity, and consequently, the production of superoxide
during capacitation. To achieve capacitation, sperm must
be incubated in a medium with Ca®*. We have previ-
ously shown that Ca®* influx through CatSper channels
during capacitation enhances mitochondrial activity.®
Other cell types present enhanced oxidative phosphor-
ylation efficiency promoted by Ca*" in the presence of
the complex I substrates pyruvate plus malate and in the
presence of oc-ketoglutarate.55 In the matrix, Ca®" stim-
ulates pyruvate-, a-ketoglutarate-, and isocitrate de-
hydrogenases (to regenerate oxidized NAD+ to NADH
and FAD to FADH2) but also complex III of the ETC
and the F1/Fo-ATP synthase to accelerate respiration.>®
Therefore, we hypothesized that Ca** may regulate the
increase in mitochondrial function that should be partly
directed to ROS production. We can propose that the
augmented supply of NADH and FADH are responsible
for maintaining a reduced pool of forms of flavin mono-
nucleotide or ubiquinone to pass an electron to O, to
form 0‘2‘.13‘57

Spermatozoa have been considered highly susceptible
to oxidative stress since as early as 1943. At that time, cat-
alase was shown to protect human sperm from the reduc-
tion in motility that occurs when they are incubated under
aerobic conditions.” In addition, high levels of sponta-
neous ROS generation have been linked to the defective
sperm function that occurs in cases of human infertility.>
Since then, several ROS sources have been described in
sperm cells, including mitochondria, nitric oxide syn-
thase, and oxidases (nicotinamide adenine dinucleotide
phosphate [NADPH] oxidase 5 [NOX5] and L-amino acid
oxidase).*

Mitochondrial ROS formation can be sensed using
several approaches that include fluorescent probes and
the detection of intra-mitochondrial oxidized targets.
In addition, the differential diffusibility of the reactive
species makes them detectable inside the mitochondria,
outside the organelle, or even outside the cells. To mea-
sure sperm ROS production we used a previously pub-
lished assay*”**®* based on the detection of extracellular
H,0,. The measured H,O, represents the ROS generated
by the sperm, but could not reflect the mitochondrial or-
igin. We have overcome this issue by measuring ACO2
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as a surrogate of mitochondrial O production. Through
ACO2 we were able to analyze the subcellular source of
ROS but also determine the relative amount of O pro-
duction by capacitated sperm. Due to the selectivity of O3
reactivity toward the Fe-S cluster of aconitase, its activity
has become a sensitive assay for measuring the variation
in O} levels inside cells and mitochondria in a wide vari-
ety of cell types and conditions. Aconitase is also present
in the cytosol (ACO1) and functions as the iron-responsive
protein-1. Herein we evaluated total aconitase activity but
considering that in somatic cells mitochondrial aconitase
activity represents approximately 80% of the activity,*> and
spermatic cells lose most of the cytoplasmic proteins, we
avoided mitochondrial isolation and following cell lysis
and mitochondrial membrane permeabilization, activity
was measured and considered as ACO2. Data provided in
Figure 3, allowed us to estimate that mitochondria from
CAP cells produce almost 60% more O} in steady-state in
comparison to NC cells. In addition, western blot analysis
revealed that ACO2 is rapidly degraded during capacita-
tion. In somatic cells, the half-life of ACO2 was reported
to range from 60 to 500 hours,”* however, during capac-
itation, it was significantly shortened to 3.1+4.3hours
(N=12), as shown in Figure 3. We did not explore the
mechanisms for the rapid ACO2 degradation but based
on what it was reported we speculated that Lon prote-
ase is contributing to oxidized-ACO2 proteolysis.®>
Nevertheless, other post-translational modifications could
not be ruled out. In this regard, decreased ACO2 activity
and an increase in sialylation of Asp612 of ACO2 were re-
ported during sperm mouse capacitation.®’ In this report,
ACO?2 sialylation was postulated as responsible for the
metabolic switch from oxidative metabolism to glycolysis
during sperm capacitation in mice. Nevertheless, ACO2
activity was only reduced by 20% in that report, and al-
though we could not determine the precise threshold for
sperm human ACO2 due to sample limitations, our data
support that ACO2 activity should be highly compromised
to impact mitochondrial respiration. In addition, other
post-translational ACO2 modifications were reported in
somatic cells that remained to be explored in sperm cells
such as acetylation,68 tyrosine nitration,*®®® serine,”® and
tyrosine phosphorylation” that might be responsible for
changes in activity or half-life of ACO2.

Depending on the formation rate and equilibrium
state levels, ROS contributes to signaling events or
may mediate mitochondrial dysfunction and pathol-
ogy through oxidative modifications of mitochondrial
or extra-mitochondrial macromolecules. Accordingly,
sperm ROS production has been reported to play a dual
role in function or dysfunction.”” When generated in
moderate amounts, ROS promotes sperm capacita-
tion by facilitating cholesterol efflux from the plasma
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membrane,” enhancing cAMP generation,”* inducing
cytoplasmic alkalinization,” increasing intracellular
calcium levels, and stimulating the protein phosphory-
lation®"7® events that drive the attainment of capacitated
state.!®7778 However, when ROS generation is excessive
and/or the antioxidant defenses of the reproductive sys-
tem are compromised, a state of oxidative stress may
be induced that disrupts the fertilizing capacity of the
spermatozoa and the structural integrity of their DNA,
(reviewed by Aitken et al.'®). Here, we showed an in-
crease of ROS during capacitation that does not produce
sperm damage (there is no change neither in lipid per-
oxidation nor the complex II activity), suggesting that
ROS production is part of a regulated process. Moreover,
we have been able to determine and quantify the con-
tribution of mitochondrial O to capacitated vs. non-
capacitated sperm. In this context, we can speculate that
the measured increase of O; (nearly 60% more in CAP
than NC) is driving the process of capacitation, and it
could be considered a threshold that, when exceeded,
may produce sperm damage. Still, some potential pitfalls
need to be resolved, for instance, which would be the
primary signaling targets of mitochondrial O3 or H,0,
that mediated capacitation events in our conditions. In
addition, the question if increasing mitochondrial ROS
production that leads to oxidative damage is still capable
of acquiring capacitation remains unresolved.

We also must take into account that these experiments
have been performed in a population of normozoospermic
men and that sperm from men with altered spermiograms
may have different behaviors. However, our data have the
strength to shed light on quantitative data of mitochon-
drial ROS linked to capacitation and mitochondrial sperm
activity.

In conclusion, the activity of mitochondrial human
sperm increases during capacitation, accompanied by an
enhancement of mitochondrial oy formation. Moreover,
we determined that this increase in mitochondrial ROS
production did not lead to oxidative damage, suggesting
a role in sperm signaling. Our data underlies the impor-
tance of mitochondrial ROS as molecules that control the
functional steps of sperm capacitation.
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