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Abstract 

For many years, reproductive outcomes were considered as being solely 

determined by the genome of oocytes and sperm. Yet, in the last decades, 

many other female and male factors have also been found to be relevant. 

Focusing on the latter, paternal factors have been proposed to be capable 

of modulating multiple features of the reproductive process, such as sperm 

physiology, the maternal environment and, even, the offspring health. 

Considering that the molecular mechanisms underlying this paternal 

regulation are mostly unknown, the objective of the present Dissertation 

was to increase the current knowledge on the role played by seminal plasma 

(SP) and sperm on the reproductive success, using bovine and porcine as 

animal models. For this purpose, Chapter 1 sought to investigate the 

involvement of SP in the modulation of in vivo fertility, and the potential 

pathways behind this regulation. In particular, the first work included in 

Chapter 1 explored whether uterine exposure to SP improved embryo 

survival and development in cattle. The results of this study demonstrated 

that while bovine SP did not elicit changes either in corpus luteum volume 

and weight or in embryo survival, embryos recovered from SP-primed uteri 

were longer than those of the control group and also differed in the 

expression of several embryo developmental biomarkers, including CALM1, 

CITED1, DLD, HNRNPDL, PTGS2, and TGFB3. These data suggested that SP 

was able to evoke changes in the female reproductive environment, with a 

positive effect on early embryo development. Thus, the following studies 

examined the putative molecular mechanisms contributing to this 

regulation, including the protein and metabolite composition of SP. 

Accordingly, the second work of Chapter 1 aimed to clarify whether and how 

the proteins present in the SP modulate in vivo fertility, using Aldose 

Reductase B1 (AKR1B1) as a candidate because of its previously reported 

positive association with increased farrowing rates in pigs. Data from this 

research showed that the first 10 mL of the sperm-rich fraction, which 
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contain sperm with the best reproductive traits, had the lowest 

concentration of AKR1B1 in SP (SP-AKR1B1). In addition, no relationship 

between SP-AKR1B1 levels and any of the sperm quality and functionality 

parameters evaluated upon arrival to the laboratory or after 72 h of liquid 

storage was observed. These findings allowed conjecturing that the positive 

influence of SP-AKR1B1 on in vivo fertility could be attributed to the 

modulation of embryo development and/or the female reproductive tract 

through the synthesis of certain prostaglandins, rather than to the effects of 

this protein on sperm physiology. Finally, the last work of Chapter 1 

intended to evaluate the potential relationship between SP metabolite 

composition and in vivo fertility outcomes in pigs, in terms of farrowing 

rate, litter size, stillbirths per litter and pregnancy duration. From the 24 

metabolites identified and quantified in all SP-samples, 12 of them were 

found to be related to specific in vivo fertility parameters. Specifically, this 

study showed that: i) lactate concentration in SP was associated to 

farrowing rate; ii) carnitine, hypotaurine, sn-glycero-3-phosphocholine, 

glutamate and glucose concentrations in SP were linked to litter size; iii) 

citrate, creatine, malonate, phenylalanine and tyrosine concentrations in SP 

were related to the number of stillbirths per litter; and iv) malonate and 

fumarate concentration in SP were associated to gestation duration. 

Although the literature previously reported that most of these SP 

metabolites regulate sperm physiology, their effects on the female 

reproductive tract have not been investigated. Hence, further research 

should interrogate through which exact mechanisms these SP metabolites 

influence fertility. On the other hand, Chapter 2 sought to determine to 

which extent sperm components, including proteins, DNA and metabolites, 

can shape in vitro fertility outcomes, particularly oocyte fertilisation and 

pre-implantation embryo development. Particularly, the first work of 

Chapter 2 investigated whether sperm AKR1B1 was related to sperm 

physiology and in vitro fertilisation (IVF) outcomes in pigs. The results 

showed that the levels of the potentially inactive sperm AKR1B1 were 
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negatively associated to sperm motility and intracellular calcium levels, 

which are parameters linked to premature capacitation. In addition, higher 

levels of the potentially inactive AKR1B1 form were associated to lower IVF 

outcomes, both in terms of oocyte fertilisation and embryo development. 

Based on these data, one could suggest that the AKR1B1 present in sperm 

is involved in the regulation of sperm fertilising ability. Next, given the 

relationship between specific energy-related SP metabolites and in vivo 

fertility outcomes identified in the third work of Chapter 1, the second study 

included in Chapter 2 analysed the relationship between sperm metabolism 

and IVF outcomes in pigs. The results showed that high-quality sperm 

samples were associated to greater levels of glycolysis-derived metabolites, 

suggesting that pig sperm use glycolysis as the main catabolic pathway. 

Interestingly, sperm preferably utilising glycolysis were linked to a higher 

percentage of embryos at day 6. These data supported that sperm 

metabolism could influence IVF outcomes. The relevance of both sperm 

metabolism and AKR1B1 levels in sperm were hypothesised to be explained 

by reactive oxygen species, which are known to induce DNA damage. 

Hence, the last work of Chapter 2 investigated whether sperm DNA breaks 

could influence IVF outcomes in pigs. The results revealed that DNA breaks 

compromised embryo development, but not sperm fertilising ability. 

Indeed, global and double-strand DNA breaks were found to negatively 

affect the percentage of early blastocysts/blastocysts and the percentage of 

hatching/hatched blastocysts. In addition, the developmental potential of 

morulae at day 6 was also seen to be negatively influenced by the incidence 

of double-strand DNA breaks. All these results evidenced that sperm DNA 

damage may delay embryo development and even promote developmental 

arrest at early embryo stages. In conclusion, the findings of this Dissertation 

indicated that seminal factors can directly and indirectly modulate the 

maternal environment and influence fertilisation and embryo development. 

Further research should be focused on comprehensively determining the 
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male-female-embryo cross-talk to better understand which factors underlie 

the reproductive success in mammals.  
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Resum 

Durant força temps, el paradigma dominant en l’àmbit de la Biologia de la 

Reproducció ha considerat que l’èxit reproductiu depèn únicament del 

genoma dels oòcits i els espermatozoides. Tanmateix, en les últimes 

dècades, s’ha descrit la rellevància d’altres factors, tant femenins com 

masculins. Concretament, s’ha observat que aquests darrers són capaços 

de modular diferents aspectes essencials del procés reproductiu, com ara 

la fisiologia espermàtica, l’ambient matern i, fins i tot, la salut de la 

descendència. Tenint en compte que els mecanismes moleculars 

subjacents a aquesta regulació no es coneixen amb profunditat, l’objectiu 

d’aquesta Tesi Doctoral va ser determinar el paper del plasma seminal (PS) 

i els espermatozoides en l’èxit reproductiu, emprant les especies bovina i 

porcina com a animals model. Amb aquesta finalitat, en el Capítol 1 es va 

investigar si el PS afectava d’alguna manera la fertilitat in vivo, així com les 

vies de senyalització que hi podrien estar involucrades. En particular, el 

primer treball inclòs en el Capítol 1 va indagar si la exposició uterina al PS 

millorava la supervivència i desenvolupament embrionari en boví. Els 

resultats d’aquest estudi van demostrar que, si bé el PS boví no va provocar 

canvis en el volum i pes del cos luti ni en la supervivència embrionària, els 

embrions recuperats dels úters exposats al PS eren més llargs que els del 

grup control i diferien en l’expressió de varis gens de desenvolupament 

embrionari, inclosos els següents: CALM1, CITED1, DLD, HNRNPDL, PTGS2, 

i TGFB3. Aquestes dades van suggerir que el PS podria provocar canvis en 

l’ambient matern, la qual cosa tindria un efecte positiu sobre el 

desenvolupament embrionari primerenc. En conseqüència, els següents 

estudis van examinar els mecanismes moleculars que podrien contribuir a 

aquesta regulació i que podrien involucrar les proteïnes i els metabòlits del 

PS. D’aquesta manera, el segon treball del Capítol 1 tenia com a objectiu 

esclarir si les proteïnes presents en el PS podrien regular la fertilitat in vivo, 

utilitzant la aldosa reductasa B1 (AKR1B1) com a proteïna candidata degut 
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a la seva associació positiva amb el rendiment reproductiu descrita 

prèviament a l’espècie porcina. Les dades d’aquest treball van mostrar que 

els primer 10 mL de la fracció rica en espermatozoides, fracció que conté 

els espermatozoides amb millors trets reproductius, tenia la concentració 

més baixa d’AKR1B1 al PS (PS-AKR1B1). A més, no es va observar cap 

relació entre els nivells de PS-AKR1B1 i els paràmetres de qualitat i 

funcionalitat dels espermatozoides avaluats a l’arribada al laboratori o 

després de 72 h de refrigeració. Aquestes troballes van permetre 

conjecturar que la influència positiva de la PS-AKR1B1 sobre la fertilitat es 

podria atribuir a la modulació del desenvolupament embrionari i/o del 

tracte reproductor femení mitjançant la síntesi de determinades 

prostaglandines, més que als efectes d’aquesta proteïna sobre la fisiologia 

espermàtica. Finalment, l'últim treball del Capítol 1 pretenia avaluar la 

relació entre la composició de metabòlits del PS i diversos paràmetres 

fertilitat in vivo en porcí, concretament la taxa de parts, la mida de la 

ventrada, el nombre de garrins morts per ventrada i la durada de la gestació. 

Dels 24 metabòlits identificats i quantificats en totes les mostres de PS, es 

va trobar que 12 d’aquests estaven relacionats amb paràmetres específics 

de fertilitat in vivo. Concretament, aquest estudi va mostrar que: i) la 

concentració de lactat del PS estava associada amb la taxa de parts; ii) les 

concentracions de carnitina, hipotaurina, glutamat, sn-glicero-3-fosfocolina 

i glucosa del PS estaven relacionades amb la mida de la ventrada; iii) les 

concentracions de citrat, creatina, malonat, fenilalanina i tirosina del PS 

estaven associades amb el nombre de garrins morts per ventrada; i iv) les 

concentracions de malonat i fumarat del PS estaven relacionades amb la 

durada de la gestació. Tot i que els estudis previs suggereixen que la 

majoria d'aquests metabòlits regulen la fisiologia dels espermatozoides, no 

s'han investigat els seus efectes sobre el tracte reproductor femení. Per 

aquest motiu, els estudis posteriors haurien d’escatir els mecanismes a 

través dels quals aquests metabòlits del PS influeixen en la fertilitat. D'altra 

banda, el Capítol 2 tenia com a objectiu determinar si els components de 
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l'esperma, incloent les proteïnes, els metabòlits i la integritat de l’ADN, 

poden condicionar la fertilitat in vitro, concretament la fecundació de l’oòcit 

i el desenvolupament embrionari pre-implantacional. En particular, el 

primer treball del Capítol 2 va investigar si l’AKR1B1 dels espermatozoides 

era capaç de modificar-ne la seva fisiologia i si estava relacionada amb els 

resultats de fecundació in vitro (FIV) a l’espècie porcina. Els resultats van 

mostrar que els nivells de l'AKR1B1 potencialment inactiva de 

l’espermatozoide estaven relacionats negativament amb la motilitat 

espermàtica i els nivells de calci intracel·lular, paràmetres lligats a la 

capacitació prematura. A més, es va observar que nivells més alts de la 

forma potencialment inactiva de l’AKR1B1 estaven relacionats amb un 

menor èxit de la FIV, tant pel que fa a la fecundació d'oòcits com al 

desenvolupament embrionari. Així doncs, a partir d’aquests resultats es 

podria suggerir que l'AKR1B1 dels espermatozoides estaria implicada en la 

regulació de la seva capacitat fecundant. D’altra banda, i atès que el tercer 

estudi del Capítol 1 va observar que hi havia una associació entre la fertilitat 

in vivo i els metabòlits del PS relacionats amb les rutes energètiques, el 

segon treball del Capítol 2 va analitzar la relació entre el metabolisme dels 

espermatozoides i els resultats de FIV en porcí. Les dades van assenyalar 

que les mostres d'espermatozoides d'alta qualitat estaven associades amb 

nivells més alts de metabòlits derivats de la glucòlisi, la qual cosa suggereix 

que l'espermatozoide porcí utilitzaria la glucòlisi com a via catabòlica 

principal. Curiosament, també es va observar que els espermatozoides que 

utilitzaven preferentment la glucòlisi estaven associats amb un percentatge 

més alt d'embrions a dia 6. Aquests resultats van corroborar la hipòtesi que 

el metabolisme dels espermatozoides podria influir en els resultats de la 

FIV. La relació de la fertilitat tant amb el metabolisme de l'espermatozoide 

com amb els nivells d'AKR1B1 dels espermatozoides es podria explicar per 

la producció de les espècies reactives d'oxigen, que se sap que indueixen 

dany a l'ADN. Per aquest motiu, l'últim treball del Capítol 2 va investigar si 

les ruptures de l'ADN dels espermatozoides podrien influir en l’èxit de la FIV 
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a l’espècie porcina. Les dades van revelar que el dany a l'ADN comprometia 

el desenvolupament embrionari pre-implantacional, però no la capacitat 

fecundant dels espermatozoides. De fet, es va veure que tant el nombre total 

de ruptures de l’ADN com específicament les de doble cadena afectaven 

negativament al percentatge de blastocists primerencs/blastocists i el 

percentatge de blastocists que estan eclosionant i que han eclosionat. 

Addicionalment, també es va veure que el potencial de desenvolupament 

de les mòrules a dia 6 estava influenciat negativament per les ruptures de 

doble cadena de l’ADN. Totes aquestes observacions van evidenciar que el 

dany a l'ADN dels espermatozoides pot retardar el desenvolupament de 

l'embrió i, fins i tot, promoure l'aturada del desenvolupament en les 

primeres etapes. En conclusió, els resultats d'aquesta Tesi Doctoral van 

demostrar que els factors paterns poden influir directament i indirecta 

l'entorn matern i la capacitat fecundant i posterior desenvolupament de 

l'embrió. Els estudis posteriors s'haurien de centrar en determinar 

exhaustivament la comunicació entre mascle-femella-embrió per entendre 

millor els factors subjacents a l'èxit reproductiu en els mamífers. 
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Resumen 

Durante bastante tiempo, el paradigma dominante en la Biología de la 

Reproducción ha considerado que el éxito reproductivo estaba determinado 

únicamente por el genoma de los oocitos y los espermatozoides. Sin 

embargo, en las últimas décadas, se ha ido evidenciando que hay otros 

factores, tanto femeninos cuanto masculinos, que también son relevantes. 

Respecto a estos últimos, se ha propuesto que los factores paternos pueden 

modular distintos aspectos del proceso reproductivo, incluyendo la 

fisiología espermática, el entorno materno e, incluso, la salud de la 

descendencia. Considerando que los mecanismos moleculares que 

subyacen esta regulación paterna son, en su mayoría, desconocidos, el 

objetivo de la presente Tesis Doctoral fue determinar el papel que juegan el 

plasma seminal (PS) y los espermatozoides en el éxito reproductivo, 

utilizando como modelos animales las especies bovina y porcina. Con este 

propósito, el Capítulo 1 investigó la capacidad del PS de regular la fertilidad 

in vivo, así como las vías de señalización potencialmente involucradas. En 

particular, el primer trabajo incluido en el Capítulo 1 examinó si la 

exposición uterina al PS mejoraba la supervivencia y el desarrollo 

embrionario en bovino. Los resultados de este estudio demostraron que, 

aunque el PS no provocaba cambios en el volumen y el peso del cuerpo 

lúteo ni en la supervivencia embrionaria, los embriones recuperados de los 

úteros previamente expuestos al PS eran más largos que los del grupo de 

control y diferían en la expresión de varios genes de desarrollo embrionario, 

incluidos los siguientes: CALM1, CITED1, DLD, HNRNPDL, PTGS2 y TGFB3. 

Estos datos sugirieron que el PS podría provocar cambios en el ambiente 

uterino, lo que tendría un impacto positivo en el desarrollo embrionario 

temprano. Por lo tanto, los siguientes estudios examinaron los supuestos 

mecanismos moleculares que contribuirían a dicha regulación, incluida la 

composición de proteínas y metabolitos del PS. En consecuencia, el 

segundo trabajo del Capítulo 1 tuvo como objetivo aclarar si las proteínas 
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presentes en el PS podrían modular la fertilidad in vivo, utilizando la aldosa 

reductasa B1 (AKR1B1) como candidata debido a su asociación positiva con 

mayores tasas de parto en porcino. Los datos de esta investigación 

mostraron que los primeros 10 mL de la fracción rica en espermatozoides, 

que contiene aquellas células espermáticas con las mejores características 

reproductivas, tenían la concentración más baja de AKR1B1 en el PS (PS-

AKR1B1). Además, no se observó ninguna relación entre los niveles de PS-

AKR1B1 y los parámetros de calidad y funcionalidad del semen evaluados 

a la llegada de las muestras al laboratorio o después de 72 h de 

refrigeración. Estos hallazgos permitieron conjeturar que la influencia 

positiva de la PS-AKR1B1 sobre la fertilidad podría atribuirse a la 

modulación del desarrollo embrionario y/o del aparato reproductor 

femenino a través de la síntesis de ciertas prostaglandinas, más que a los 

efectos directos de dicha proteína sobre la fisiología espermática. 

Finalmente, el último trabajo del Capítulo 1 pretendía evaluar la posible 

relación entre la composición de los metabolitos del PS y los resultados de 

fertilidad in vivo en porcino, en términos de tasa de partos, tamaño de la 

camada, número de lechones muertos por camada y duración de la 

gestación. De los 24 metabolitos identificados y cuantificados en todas las 

muestras de PS, se encontró que 12 de estos estaban relacionados con 

parámetros específicos de fertilidad in vivo. Específicamente, este estudio 

mostró que: i) la concentración de lactato del PS estaba asociada con la tasa 

de partos; ii) las concentraciones de carnitina, hipotaurina, sn-glicero-3-

fosfocolina, glutamato y glucosa del PS estaban relacionadas con el tamaño 

de la camada; iii) las concentraciones de citrato, creatina, malonato, 

fenilalanina y tirosina del PS estaban asociadas con el número de lechones 

muertos por camada; y iv) las concentraciones de malonato y fumarato del 

SP estaban relacionadas con la duración de la gestación. Aunque la 

literatura apunta a que la mayoría de estos metabolitos del PS regulan la 

fisiología de los espermatozoides, no se han investigado sus posibles 

efectos sobre el tracto reproductivo femenino. Por lo tanto, las próximas 
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investigaciones deberían analizar a través de qué mecanismos dichos 

metabolitos influyen en la fertilidad. Por otro lado, el Capítulo 2 buscó 

determinar en qué medida los componentes del espermatozoide, 

incluyendo proteínas y metabolitos, así como el daño en el ADN 

espermático, podrían influir en los resultados de fertilidad in vitro, en 

particular la fecundación de los oocitos y el desarrollo embrionario pre-

implantacional. En particular, el primer trabajo del Capítulo 2 exploró si, en 

porcino, la AKR1B1 de los espermatozoides estaba relacionada con su 

fisiología y el éxito de la fecundación in vitro (FIV). Los resultados mostraron 

que los niveles de la AKR1B1 potencialmente inactiva presente en los 

espermatozoides estaban asociados negativamente con la motilidad y los 

niveles de calcio intracelular, parámetros - ambos - vinculados con la 

capacitación prematura. Además, los niveles más altos de la forma 

potencialmente inactiva de la AKR1B1 se relacionaron con un menor éxito 

de la FIV, tanto en términos de fecundación de los oocitos cuanto de 

desarrollo embrionario. Basándose en estos datos, por lo tanto, se podría 

sugerir que la AKR1B1 de los espermatozoides está implicada en la 

regulación de su capacidad fecundante. Por otra parte, y dada la asociación 

entre los metabolitos del PS relacionados con la producción de energía y 

los resultados de fertilidad in vivo identificada en el tercer trabajo del 

Capítulo 1, el segundo estudio del Capítulo 2 analizó la relación entre el 

metabolismo de los espermatozoides y el éxito de la FIV en la especie 

porcina. Los resultados mostraron que las muestras de espermatozoides de 

alta calidad se asociaron con mayores niveles de metabolitos de la 

glucólisis, lo que sugeriría que el espermatozoide porcino utiliza 

preferentemente la glucólisis como vía catabólica. Curiosamente, también 

se observó que los espermatozoides que usaban la glucólisis se asociaban 

con un mayor porcentaje de embriones en el día 6. Estos resultados 

respaldaron la hipótesis que el metabolismo de los espermatozoides podría 

influir en los resultados de la FIV. La influencia observada en el éxito de la 

FIV tanto del metabolismo de los espermatozoides cuanto de los niveles de 
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AKR1B1 de aquellos se podría explicar por la producción de especies 

reactivas de oxígeno, que se sabe que inducen daño en el ADN. El último 

trabajo del Capítulo 2, por lo tanto, investigó si las rupturas en el ADN de 

los espermatozoides podrían condicionar los resultados de la FIV en cerdos. 

Los datos revelaron que el daño en el ADN comprometía el desarrollo 

embrionario, pero no la capacidad fecundante de los espermatozoides. De 

hecho, se encontró que el total de roturas y en particular las de doble 

cadena afectaban negativamente al porcentaje de blastocistos 

tempranos/blastocistos y el porcentaje de blastocistos que eclosionaban o 

habían eclosionado. Además, también se vio que el potencial de desarrollo 

de las mórulas en el día 6 estaba influenciado negativamente por las roturas 

de doble cadena del ADN espermático. Todos estos hallazgos evidenciaron 

que el daño en el ADN espermático puede retrasar el desarrollo del embrión 

e, incluso, promover su detención en etapas tempranas del mismo. En 

conclusión, los hallazgos de esta Tesis Doctoral indicaron que los factores 

seminales pueden modular directa e indirectamente el entorno materno y 

la fecundación y el desarrollo del embrión. Las investigaciones ulteriores 

deberían centrarse en determinar cómo se produce la interacción macho-

hembra-embrión para comprender mejor qué factores subyacen al éxito 

reproductivo en los mamíferos. 

 



 

23 

 

  

  

 

 

  

 

 

 

 

 

 

 

 

Introduction 
 





Introduction 

25 

 

1 Semen 
Semen is a complex mixture containing a cellular fraction, formed by male 

gametes called sperm, and a liquid fraction, named seminal plasma (SP), 

comprised of secretions from the male reproductive tract. The main 

function of semen has traditionally been associated with the delivery of 

male gametes into the female reproductive tract to enable the fusion with 

their female counterparts, the most elementary process of mammalian 

reproduction (Garner and Hafez, 2000).  

 

1.1. Sperm  

Sperm are male gametes, the haploid cells acting as vehicles for 

transmission of paternal information to the offspring. They are one of the 

most specialised cells of the mammalian body, adapted to their function 

and to the changing environments to which they are exposed to throughout 

their lifespan. The reproductive strategy of each mammalian species is 

believed to directly shape sperm in terms of physiology and morphology 

(Garner and Hafez, 2000; Figure 1). 

 

1.1.1. Sperm morphology 

Sperm have two distinct parts: the head and the tail (Figure 1). The head 

covers two relevant structures: the nucleus, which contains the genetic 

information, and the acrosome. Sperm have a haploid genetic cargo that is 

considered transcriptionally inactive (Baker and Aitken, 2009). This is 

because the sperm chromatin is highly condensed due to the presence of 

protamines, a superfamily of small arginine-rich proteins synthesised in 

late-stage spermatids (Balhorn, 2007). On the other hand, the acrosome is a 

double-layered membrane vesicle located at the anterior end of the sperm 

head. This structure mainly contains hydrolytic enzymes, such as acrosin 
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and hyaluronidase, which are required for sperm to pass through oocyte 

vestments (Khawar et al., 2019). The next structure, the tail or flagellum, can 

be also segmented into three regions: the middle piece, principal piece, and 

end piece. First, the neck connects the region between the head and the tail. 

This is followed by the middle piece, which is the portion of the tail where 

mitochondria are located. Sperm mitochondria are singularly arranged in a 

helical pattern longitudinally to the middle piece of the tail; they produce 

energy and are involved in capacitation. The principal piece comprehends 

most of the tail, and has a fibrous sheath that stabilises the cell when the 

tail contracts during sperm movement. Finally, the end piece is the 

termination of the fibrous sheath (Garner and Hafez, 2000). Alongside the 

tail, there is an evolutionarily conserved, specialised subcellular structure 

known as the axoneme, which provides sperm with motile capacity. This 

structure begins in the centre of the middle piece and terminates at the end 

piece. The axoneme is composed of a nine-doublet microtubule encircling 

two central singlet microtubules (9 + 2 axoneme), which are enclosed by 

dense fibres that vary along the tail. For instance, while dense fibres 

Figure 1. Inter-species differences of sperm morphology. Differences in shape and size 

of sperm can be observed between vertebrate species. The main morphological 

structures can also be noted (Garner and Hafez, 2000). 
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peripherally surround the axoneme in the middle and principal pieces, a 

central axoneme only covered by plasma membrane can be found at the 

end of the tail (Garner and Hafez, 2000; Linck et al., 2016). 

 

1.1.2. Originating the male gamete: spermatogenesis and 

spermiogenesis 

The formation of gametes is driven by reductive meiotic divisions, which 

are highly conserved in the eukaryotic domain. This process is very different 

between males and females. In the case of the male, the process by which 

sperm are produced is called spermatogenesis.  

In the course of male embryogenesis, primordial germ cells (PGCs) 

colonise the genital ridge to be incorporated into the sex cords, the gonad 

primordium that later differentiates into the seminiferous tubules. Once in 

the gonads, PGCs begin to divide to become type A spermatogonia, the 

stem cells of the seminiferous epithelium morphologically characterised as 

small cells with an ovoid nucleus. The gamete formation process is stopped 

until male puberty, when spermatogenesis is initiated. First, spermatogonia 

divide into another spermatogonia (for self-renewal purposes) and 

intermediate spermatogonia, which are committed to differentiate into type 

B spermatogonia, the last cells that undergo mitosis in the germ line. Thus, 

these type B spermatogonia divide to generate primary spermatocytes, the 

first cells entering meiosis. When primary spermatocytes complete the first 

meiotic division, they become secondary spermatocytes, which complete 

the second meiotic division. The resulting haploid cells are the round 

spermatids, which undertake a complex differentiation to become 

spermatozoa (Gilbert, 2000). This cellular specialisation is named 

spermiogenesis, and mainly comprises five events: i) the formation of the 

acrosome from Golgi apparatus; ii) the growth of the tail from the relocated 

centriole; iii) the localisation of mitochondria around the middle piece of the 

tail; iv) the compaction of chromatin into a transcriptionally inactive 
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genome through histone replacement by protamines; and v) the removal of 

the remaining cytoplasm and unnecessary organelles (e.g., Golgi apparatus 

or endoplasmic reticulum) through residual bodies (Goossens and 

Tournaye, 2017). Next, sperm are successively released into the 

seminiferous tubule lumen, a process known as spermiation. Each of the 

aforementioned cell types occupies a specific stratum of the seminiferous 

epithelium, the spermatogonia being in contact with the lamina basalis, and 

the resulting sperm apically in the seminiferous epithelium and even in the 

lumen of the tubule. 

Upon release from the testis and albeit highly differentiated cells, 

sperm are unable to move and have no fertilising capacity. To reach their 

full fertilising potential, sperm must undergo two extra-testicular maturing 

processes: the first one in the male reproductive tract, known as epididymal 

maturation; and the second in the female reproductive tract, named 

capacitation (Gervasi and Visconti, 2017). Both processes are explained in 

detail later in this Dissertation.  

 

1.1.3. Epididymal maturation 

The epididymis is a tubular organ divided in three differentiated anatomical 

regions: the caput, the corpus and the cauda. These segments vary in terms 

of gene expression, ion concentration, function and histological 

appearance. For instance, whereas the thickness of the epididymal 

epithelium decreases throughout the conduit, the diameter of the lumen 

increases. In addition, sperm concentration gradually raises along the 

epididymal transit as a result of water reabsorption (Sullivan and Mieusset, 

2016).  

 Epididymal maturation involves the modification of sperm surface 

to acquire both flagellar beating and fertilising ability. In this regard, some 

of the most relevant physiological modifications include changes in 
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membrane lipid composition (Rejraji et al., 2006), surface glycoproteins 

(Tulsiani, 2006) and antigen localisation (Belmonte et al., 2000), remodelling 

of raft membrane microdomains (Girouard et al., 2011), cytoplasmic droplet 

loss (Gervasi and Visconti, 2017) and acquisition of forward motility 

(Vadnais et al., 2013), among others. In addition, the cauda epididymis also 

serves as a reservoir until ejaculation occurs (Sullivan and Mieusset, 2016).  

The exact underlying molecular mechanisms that regulate sperm 

epididymal maturation are yet to be uncovered, but epididymosomes, the 

extracellular vesicles (EVs) secreted by epididymal epithelial cells, appear 

to play a critical role. Particularly, epididymal cells seem to be able to modify 

immature sperm through the secretion of epididymosomes, which have 

been reported to be able to transfer their bioactive cargo (Suryawanshi et 

al., 2012; Caballero et al., 2013). Epididymosomes cargo has been reported 

to include several proteins directly involved in fertilisation. Some examples 

are: zona pellucida (ZP) sperm binding proteins and A Disintegrin And 

Metalloprotease (ADAM) superfamily proteins, which are involved in oocyte 

recognition and adhesion (Nixon et al., 2019); and macrophage migration 

inhibitory factor (MIF), which is a crucial factor for sperm motility (Eickhoff 

et al., 2004). 

Ejaculates are a mixed heterogeneous population of normal and 

abnormal sperm. Morphologically aberrant sperm can originate from 

spermatogenesis (primary alterations), epididymal maturation (secondary 

alterations), or improper semen handling (tertiary alterations). From these, 

secondary alterations, which mainly include proximal and distal 

cytoplasmic droplets, are the most common (Bonet et al., 2012). Primary 

and secondary alterations usually reflect impaired testicular and epididymal 

function, and have been largely used to predict the fertility potential of 

semen samples (Ombelet et al., 1995). 
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1.2. Seminal plasma  

The SP is the liquid fraction of semen, composed of secretions from the 

epididymis and accessory glands that are mixed upon ejaculation. The 

traditional role attributed to SP has been to carry, protect and nourish sperm 

during and after ejaculation (Garner and Hafez, 2000). Yet, in the last 

decades, the functional significance of SP has been questioned. Indeed, 

components of SP have been proposed to modulate sperm physiology in a 

series of crucial events, including the transport of the male gamete along 

the female reproductive tract, the formation of the oviductal reservoir, 

sperm capacitation and even fertilisation (Rodriguez-Martinez et al., 2021). 

In addition, SP also seems to be able to regulate sperm energy production 

through its molecular composition in terms of proteins and metabolites 

(Rodriguez-Martinez et al., 2011; Bromfield, 2016). Remarkably, in recent 

years, SP has been suggested to affect the reproductive success beyond its 

effects on sperm. In this regard, it has been reported that SP is able to 

modulate the immune environment in the female genital tract, thus 

facilitating conception and pregnancy in mammals (Rodriguez-Martinez et 

al., 2021; Ahmadi et al., 2022). Interestingly, the relevance of SP in the 

process of fertilisation seems to be tightly associated to the reproductive 

strategy of each species, being more significant in species with vaginal 

deposition (i.e., humans, small ruminants or cattle) than in those with an 

uterine one (i.e., porcine and equine; Schjenken and Robertson, 2014).  

 

1.2.1. Origin and composition 

The SP is a heterogeneous complex fluid composed of inorganic ions, 

sugars, salts, lipids and, mainly, proteins from secretions of the epididymis 

and accessory sex glands, which basically consist of seminal vesicles, 

prostate and bulbourethral glands. 
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From an interspecies perspective, there are variations in the size 

and/or presence of accessory sex glands. For example, while boars have 

prostate, seminal vesicles and bulbourethral glands, rams and bulls present 

a relatively small and disseminated prostate gland, camelids lack seminal 

vesicles and dogs only have prostate, lacking from the other accessory 

glands (Druart et al., 2013). Not only do these anatomical disparities imply 

differences in the ejaculate volume, but also in the SP composition. In effect, 

variations in the SP proteome have been observed between species (Druart 

and de Graaf, 2018). This has been inferred to occur in response to 

reproductive strategy requirements.  

On the other hand, in species where the ejaculate is sequentially 

emitted in fractions, such as dogs, horses, pigs and humans (Rodriguez-

Martinez et al., 2021), intra-ejaculate differences in SP molecular 

composition and volume have been noticed. In more detail, and using the 

pig as an example, three distinct ejaculate fractions can be identified: i) the 

pre-ejaculate fraction, emitted first and composed of urethral and/or 

bulbourethral glands secretions, which confer its watery aspect; ii) the 

sperm rich fraction (SRF), which contains most of the ejaculated sperm 

together with epididymal and prostate secretions, with little contribution 

from seminal vesicles; iii) the post-SRF, which is mainly composed by 

seminal vesicles secretions and is poor in sperm; and iv) the gel-rich fraction 

at the end of ejaculation, composed by coagulating bulbourethral glands 

secretions (Saravia et al., 2009; Rodriguez-Martinez et al., 2011). The pig SRF 

can be further divided into two distinct portions: the first 10 mL of the SRF 

(SRF-P1) and the rest of the SRF (SRF-P2). Considering the large volume of 

the ejaculate, most studies characterising the composition of SP and the 

features of sperm cells in the separate ejaculate fractions and SRF-portions 

have been mainly carried out in pigs. In the case of sperm functionality, 

differences between ejaculate fractions and SRF-portions have also been 

reported. Accordingly, the sperm contained in the SRF-P1 seem to hold the 

best traits, specifically exhibiting the highest motility, viability (Rodríguez-
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Martínez et al., 2005) and resilience to liquid-storage (Sellés et al., 2001) and 

cryopreservation (Peña et al., 2003; Saravia et al., 2009; Alkmin et al., 2014; 

Li et al., 2018). The variability in the molecular composition of SP within the 

ejaculate has been proposed to explain the differences in sperm 

performance between ejaculate fractions and SRF-portions (Alkmin et al., 

2014; Barranco et al., 2015; Li et al., 2018). In fact, the proteomic (Perez-

Patiño et al., 2016) and metabolomic (Mateo-Otero et al., 2020) profiles of 

pig SP have been found to vary among the distinct ejaculate fractions and 

SRF-portions. It cannot be discarded, however, that these differences are 

also due to the inherent characteristics of the sperm contained in each 

fraction, as their miRNA (Martinez et al., 2022) and protein (Pérez-Patino et 

al., 2019) profiles have also been found to vary. 

Collectively, the molecular composition of SP appears to be very 

relevant for the modulation of mammalian sperm physiology. For this 

reason, the first Chapter of the present Dissertation addressed whether the 

modulation of the female reproductive tract and sperm by SP ends up 

influencing sperm fertilising ability, and the subsequent embryo 

development. 

 

2 Sperm within the female reproductive 

environment 

2.1. Capacitation and Acrosome reaction 

Upon ejaculation, sperm surrounded by the epididymal fluid enter the vas 

deferens, where they are mixed with sex accessory glands secretions. This 

mixture forms the final ejaculate, which is first ejected through the urethral 

meatus and later deposited within the female reproductive tract (Alwaal et 

al., 2015). 
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Once deposited into the female reproductive tract, mammalian 

sperm must undergo several biochemical and physiological modifications 

to become fertilising competent. The changes, which prepare sperm for 

successful binding to oocyte ZP and fertilisation, are collectively called 

capacitation. For instance, capacitated sperm are more able to 

chemotactically move towards the oocyte through progesterone (P4) 

gradients (Teves et al., 2009; Gatica et al., 2013). Capacitation has been 

proposed to be divided into slow and fast events (Visconti, 2009; Yeste, 

2013a), as detailed below. 

The fast events of capacitation begin with the activation of sperm 

motility. This starts as soon as sperm encounter an isotonic media like SP, 

which contains bicarbonate (HCO3
-) and calcium (Ca2+) that stimulate a 

unique, sperm-specific adenylyl cyclase called Soluble Adenylyl Cyclase 

(SACY). The production of cyclic adenosine monophosphate (cAMP) leads 

to the activation of Protein Kinase A (PKA), which induces the 

phosphorylation of proteins that subsequently trigger several signalling 

pathways (Salicioni et al., 2007; Ickowicz et al., 2012). 

On the other hand, the slow events of capacitation are initiated by the 

efflux of cholesterol and the reorganisation of plasma membrane 

architecture, which results in an increase of membrane fluidity and 

permeability (Flesch et al., 2001). Next, the raise in the intracellular levels of 

HCO3
- and Ca2+ ultimately triggers SACY and, in turn, PKA, that 

phosphorylates its substrates, which mainly result in: i) changes of the 

sperm motility pattern into a faster and straight movement, known as 

hyperactivation; ii) increase in protein tyrosine phosphorylation; iii) 

hyperpolarisation of sperm plasma membrane as a result of changes in the 

activity of ion-selective channels and transporters; iv) polymerisation of 

globular (G)-actin to filamentous (F)-actin; and iv) reorganisation of 

membrane lipids and proteins of plasma and outer acrosome membranes 

to become fusogenic for posterior acrosome reaction (Breitbart et al., 2005; 
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Salicioni et al., 2007; Visconti, 2009; Tsai et al., 2010; Yeste, 2013a; Jin and 

Yang, 2017).  

At the end of capacitation, the outer acrosomal membrane and the 

overlying plasma membrane fuse at multiple points. In response to 

physiological or pharmacological stimuli, the acrosomal content is released 

in a process known as the acrosome reaction. In mammals, where and how 

acrosome reaction is triggered is still under debate. For a long time, while 

some authors considered that sperm initiate acrosome reaction while 

advancing through the cumulus cells mass surrounding the oocyte 

(Yanagimachi and Phillips, 1984; Gahlay et al., 2010; Jin et al., 2011), others 

advised that the acrosome reaction is initiated when sperm bind ZP proteins 

(Florman and Storey, 1982; Cherr et al., 1986; Schroer et al., 2000). In the 

last decade, however, a third model has been hypothesised, purporting that 

the acrosome reaction is induced by factors such as the P4 present in the 

oviduct and released by cumulus cells and, even, the follicular fluid (Buffone 

et al., 2014). The acrosome reaction, nevertheless, is relevant for fertilisation 

not only because of the release of lytic enzymes able to digest and 

dissociate cumulus–oocyte complex (COC) glycoproteins, thus allowing 

sperm penetration, but also because of the exposure of the inner acrosome 

membrane, which is relevant for sperm binding to oolemma prior to gamete 

fusion (Hirohashi and Yanagimachi, 2018).   

Capacitation and acrosome reaction are known to be highly 

regulated processes by both female and male factors. The molecular basis 

of this regulation, notwithstanding, is poorly understood. Regarding the 

female side, one of the most well-described regulating factors playing an 

important role in the process is P4, which is usually secreted by cumulus 

and granulosa cells during ovulation and by the corpus luteum (CL) during 

the post-ovulatory phase (López-Torres and Chirinos, 2017). This hormone 

has been reported to increase hyperactivation, induce Ca2+ influx and trigger 

the acrosome reaction (Jin and Yang, 2017). On the male side, many efforts 
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have been made to describe how SP molecules regulate capacitation 

events. In general, SP is assumed to contain decapacitation factors that 

prevent premature sperm capacitation before reaching the oocyte (Aitken 

and Nixon, 2013). One example are porcine seminal plasma (PSP) proteins, 

which are able to maintain pig sperm survival and delay capacitation 

(Caballero et al., 2009). Yet, in the case of bovine seminal plasma (BSP) 

proteins, which coat sperm surface via binding to choline phospholipids, 

the control of capacitation is more complex. For instance, BSP proteins have 

been observed to differently regulate capacitation depending on the 

presence of other agents (Gwathmey et al., 2006). In particular, while BSP 

proteins are able to stabilise sperm membrane and hinder capacitation from 

being elicited (Manjunath and Thérien, 2002), they are able to indirectly 

induce sperm capacitation in the presence of heparin and high-density 

lipoproteins (Parrish, 2014). Specifically, heparin and high-density 

lipoproteins have been reported to induce cholesterol efflux resulting in 

plasma membrane reorganisation and downstream signalling towards a 

capacitation status in epididymal sperm (Manjunath and Thérien, 2002). In 

addition, seminal EVs have also been suggested to act both promoting 

(Siciliano et al., 2008; Murdica et al., 2019) and delaying (Pons-Rejraji et al., 

2011; Piehl et al., 2013; Du et al., 2016) sperm capacitation. All these findings 

evidence that the exact molecular mechanisms by which capacitating 

events are regulated remain unclear. Bearing in mind the relevance of 

capacitation in the reproductive process, research on this topic is still 

needed to provide a complete picture of the mechanisms involved in the 

acquisition of sperm fertilising ability, which could be targeted to improve 

poor fertility outcomes. 

 

2.2. Oocyte fertilisation 

Upon ejaculation, millions of sperm are deposited in the female 

reproductive tract. In spite of this, only a few reach the oocyte in the ampulla 
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of the oviduct to initiate fertilisation. Fertilisation is a key step in sexual 

reproduction, and encompasses two sequential steps: sperm recognition of 

the oocyte and gamete fusion to form a zygote (Figure 2).  

 

As explained above, a prerequisite for a sperm cell to fertilise an 

oocyte is capacitation. Only capacitated sperm are able to penetrate 

cumulus cells through the disaggregation of this cellular mass, traditionally 

thought to occur by means of hyperactivated motility and acrosome 

reaction. Then, sperm reach and penetrate the oocyte ZP. Heterospecific 

sperm penetration of ZP-free oocytes has widely demonstrated the key role 

of ZP during fertilisation (Zhao et al., 2002). The exact molecular 

mechanisms underlying sperm binding to oocyte ZP are, however, still under 

debate. One of the most widely accepted models is that ZP glycoproteins, 

including ZP1, ZP2, ZP3 and ZP4, are recognised by sperm receptors. It is 

worth highlighting that differences in the content of ZP isoforms exist 

between species, as neither ZP1 is expressed in cattle or pigs nor is ZP4 

Figure 2. Mammalian fertilisation. After crossing cumulus cells mass, sperm bind (1) 

and penetrate oocyte zona pellucida (2) to adhere oocyte plasma membrane 

(oolemma). Next, gametes fuse (3) and the oocyte is activated (4), resulting in the 

release of the cortical granules to prevent polyspermy (5). Created with BioRender. 
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found in mouse (Yeste, 2013b; Tumova et al., 2021). Similarly, while binding 

receptors, such as galactosyltransferase, proacrosin/acrosin, zonadhesin 

and arylsulphatase A, seem to be conserved across species, species-specific 

sperm-ZP binding proteins like spermadhesins and zona receptor in pig and 

human sperm, respectively, have also been identified (Tumova et al., 2021). 

Either way, it remains unaddressed whether one or more sperm receptors 

are required for this process. In addition, the debate continues regarding 

acrosome integrity during sperm penetration through COCs layers and, 

thus, about the specific role of the acrosomal cargo during oocyte 

fertilisation (Bhakta et al., 2019). For this reason, as briefly mentioned 

before, it is unclear whether the sperm capacity to bind ZP is only restricted 

to acrosome-reacted sperm or rather rely upon the specific mechanisms by 

which sperm are able to cross ZP. Research on the mechanisms inducing 

the acrosome reaction and on the molecular mediators of sperm-oocyte 

binding is much required for a clear understanding of gamete recognition 

in mammalian species. 

In addition, after sperm binding, sperm need to undergo ZP 

penetration before encountering the oocyte. This process has been 

demonstrated to occur due to both sperm flagellar forces and acrosome 

reaction (Kozlovsky and Gefen, 2013). Notwithstanding how the acrosome 

reaction is initiated is still under debate, it is widely accepted that proteins 

contained in that acrosome are required for ZP penetration. For example, 

acrosin (Hirose et al., 2020) and 26S proteasome (Zimmerman et al., 2011) 

have been demonstrated to be indispensable for zona penetration in 

mammals. 

Gamete fusion is the process through which the oocyte and the 

sperm plasma membranes adhere and fuse. Although many efforts have 

been made towards the identification of the mechanisms governing gamete 

adhesion, only a small list of molecules have been hitherto identified to be 

implicated in this process: i) from the sperm side: Izumo sperm-oocyte 
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fusion 1 (IZUMO1) (Inoue et al., 2005), transmembrane protein 95 (TMEM95) 

(Pausch et al., 2014) and sperm acrosome membrane-associated protein 6 

(SPACA6) (Lorenzetti et al., 2014); and ii) from the oocyte side: folate 

receptor 4 (FOLR4 or JUNO) (Bianchi et al., 2014) and tetraspanins CD9 (Le 

Naour et al., 2000) and CD81 (Rubinstein et al., 2006). From those, the most 

well-described mechanism involves IZUMO1-JUNO interaction, which 

seems to be conserved across mammalian species (Bianchi et al., 2014; 

Grayson, 2015). Briefly, the local clustering of JUNO in the oolemma 

(probably mediated by tetraspanin CD9) allows the attachment to IZUMO1 

(Chalbi et al., 2014), thus leading to gamete binding and subsequent fusion 

of plasma membranes. The most accepted model for gamete fusion 

involves tetraspanins, as it seems that sperm tetraspanins CD9 and CD81 

interact with their oocyte counterparts, which include CD9P-1, α6β1 integrin 

and IGSF8 (Bhakta et al., 2019). Yet, the participation of other mechanisms 

cannot be discarded; thus, the exact molecular mechanisms still need to be 

elucidated.  

The activation of the oocyte is usually considered the first vital step 

of embryogenesis (Kashir et al., 2012). In mammals, this activation is 

triggered by repeated calcium oscillations induced by sperm (Kline and 

Kline, 1992), which mediate the release of that calcium from the 

endoplasmic reticulum of the oocyte (Kashir et al., 2012). In fact, Saunders 

et al. (2002) found a PI-specific phospholipase in sperm, the 1-

Phosphatidylinositol 4,5-Bisphosphate Phosphodiesterase Zeta-1 (PLCζ-1), 

able to induce calcium oscillations in oocytes (Saunders et al., 2002). In 

particular, injection of PLCZ1-cRNA or the recombinant protein into mouse 

oocytes was found to induce calcium oscillations required for embryo 

development progression (Saunders et al., 2002; Kouchi et al., 2005). This 

enzyme is able to hydrolyse Phosphotidylinositol 4,5-Bisphosphate (PIP2) 

into Inositol Triphosphate (IP3) and Diacylglycerol (DAG). Consequently, 

DAG activates Protein Kinase C (PKC), which phosphorylates several 

proteins, and IP3 interacts with its receptor and mobilises the calcium from 
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the endoplasmic reticulum (Malcuit et al., 2006). The frequency and 

amplitude of these calcium waves is highly variable across species. For 

instance, whereas mice oocytes have low frequency calcium spikes every 

10 minutes, in humans, pigs and cattle oocytes, this occurs every 30 to 60 

minutes (Zafar et al., 2021). In any case, these calcium oscillations allow the 

progression of the cell cycle, which entails extrusion of second polar body 

and the exocytosis of oocyte cortical granules (Kashir et al., 2022). 

Finally, the fertilisation process in mammals is usually assumed to 

terminate with oocyte polyspermy blockade. The mechanism by which 

mammalian oocytes prevent polyspermy involve the exocytosis of cortical 

granules promptly after fertilisation. The release of the content of these 

granules in response to calcium oscillations prevents sperm binding due to 

proteinases that modify proteins to harden ZP (Liu, 2011), and zinc that 

disrupts both the ZP structure (Que et al., 2014) and sperm motility 

(Tokuhiro and Dean, 2018). This is followed by oocyte membrane blocking 

to polyspermy, which occurs as a result of the modification of the oolemma 

molecular composition after sperm membrane fusion and the increased 

cytosolic calcium levels (Evans, 2020). Although this process is poorly 

understood, it seems that this blockade has different efficiency across 

mammals, which has been proposed to explain the varying incidence of 

polyspermy between species (Gardner and Evans, 2005). 

 

3 Early embryo development 

3.1. Preimplantation embryo stages 

The preimplantation embryo is the earliest autonomous form of conceptus 

development and begins right after fertilisation. It is first sustained by 

maternal transcripts present in the oocyte and, after embryo genome 

activation, preimplantation embryos rely on their self-produced proteins 

and other molecules (Duranthon et al., 2008). Yet, a communication 
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between the embryo and the maternal environment exists: while oviductal 

and uterine factors are able to influence key embryo processes such as 

embryo genome activation or implantation, embryo factors are also able to 

modulate female reproductive tract physiology (Kölle et al., 2020). 

Preimplantation development of mammalian embryos is usually 

divided into three distinct stages: cell cleavage, formation of morula, and 

formation of blastocyst. During this free-living period, the mammalian 

conceptus passes through the oviduct reaching the uterus at the blastocyst 

stage, where the embryo attaches and implants. At this point, the maternal-

foetal interactions required to support embryogenesis are initiated and 

post-implantation embryo development begins (Watson and Barcroft, 

2001). 

 Initially, the fertilised oocyte, also known as zygote, undergoes 

sequential subdivision into smaller cells restricted in size by the ZP; this 

process is acknowledged as cell cleavage. Zygotes and two-cell embryos are 

considered totipotent, meaning that cells have the potency to give rise to 

embryonic and extraembryonic linages. Remarkably, progenitor cells 

formed from these cleavages become progressively restricted in terms of 

developmental potency (Suwińska, 2012). Many efforts have been made 

towards the identification of the mechanisms underpinning this pre-

patterning, describing elements such as cell polarity, cell position, 

mechanical forces and metabolism as crucial (Yao et al., 2019).  

Cellular subdivisions result in a 16-cell embryo that undergoes a 

process called compaction. Compacting embryos result from the increase 

of intercellular contact that mask distinct individual cell boundaries to form 

a uniform cell mass known as morula (Watson and Barcroft, 2001). At this 

point, the cell fate of each cell (also called blastomeres) begins to segregate 

into inner cell mass (ICM) and trophectoderm (TE) (Johnson and Ziomek, 

1981). Compacted morula then begins a cavitation process to form the 

blastocoel. This process is mediated by tight and adherens junctions 
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established between cells to set a permeability barrier (Kim and Bedzhov, 

2022). This is followed by an influx of water from the external environment 

promoted by aquaporins and ion channels, which gradually increases the 

inner pressure. Blastocoel formation occurs through the disruption of 

intercellular junctions at basolateral domains, a process also known as 

hydraulic fracking (Dumortier et al., 2019). The emergence of this aqueous 

cavity disrupts the radial symmetry of the compacted morula, establishing 

embryonic (i.e. ICM cells) and abembryonic (i.e. TE cells) poles still 

surrounded by the ZP; this corresponds to the blastocyst stage. After 

multiple cell divisions to allow blastocyst expansion, embryos undergo a 

hatching process crucial for implantation. Although the specific 

mechanisms inherent to this process are not fully described, blastocyst 

hatching appears to be highly dependent on ion transport rate, which 

increases blastocoel water volume and thus the embryo size, and reduces 

the ZP thickness (Leonavicius et al., 2018).   

Whilst early embryo development is significantly conserved across 

species, it is highly variable in terms of embryo divisions, genome activation 

timing and metabolic requirements (Vajta et al., 2010). Another distinctive 

feature is that, unlike humans and mouse, the hatched blastocysts of 

ungulates do not attach to the uterus during the peri-implantation period 

and concomitant gastrulation, allowing the extraembryonic tissues 

transition from a sphere to ovoid, tubule and filament shapes. Trophoblast 

elongation confers a larger placental area to enable a higher nutrient 

exchange (Bolmberg et al., 2008). Interestingly, the attempts to induce in 

vitro elongation of ungulates conceptus have been unsuccessful, pointing 

to a necessary maternal-embryo crosstalk during this process. 
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3.2. Zygote reprograming and embryo genome 

activation 

Promptly after fertilisation, maternal and paternal DNA need to reprogram 

in order for the resulting zygote to hold totipotent potential. The ability of 

maternal products to drive this reprogramming was demonstrated 60 years 

ago through cloning experiments (Gurdon, 1962). Specifically, the 

transference of somatic cell nuclei into enucleated oocytes was found to be 

able to reprogram tissue-specific DNA signatures and give rise to embryos. 

The underlying molecular mechanisms were further investigated, finding 

that reprogramming of the zygote genome mainly involves both the 

exchange of protamines for histones in the paternal chromatin and 

significant epigenetic modifications of the zygote genome (Duranthon et al., 

2008; Fraser and Lin, 2016). In addition, maternal content was also described 

as being capable of modulating multiple processes besides genome 

reprogramming, including pronuclear formation and fusion, the first cell 

division, embryo genome activation and the onset of embryogenesis (Li et 

al., 2013).  

If embryos continue to develop beyond the zygote stage, 

transcriptional control is switched from the oocyte to the zygote, involving 

the degradation of maternal products as well as embryo genome activation 

(Figure 3). Several authors have proposed that genome activation should be 

understood as progressive over a period of time rather than a single event 

in a specific moment (Schulz and Harrison, 2019). Most models propose that 

zygote genome activation occurs in two transcriptional waves: a minor 

wave happening during early cleavage divisions, and a major wave that 

coincides with the first division-cycle pause in some species (Tadros and 

Lipshitz, 2009). 
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Figure 3. Embryo genome activation in different species. (A) Progressive transition from 

maternal to embryo transcripts. (B, C) Key stages of embryo genome activation in 

five model species. (Schulz and Harrison, 2019) 
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3.3. Impaired embryo cleavage and preimplantation 

embryo arrest 

Developmental arrest consists in the permanent halt of mitosis in early 

embryos, which often takes place before the morula stage is reached. The 

incidence of this phenomenon in in vitro produced mammalian embryos is 

very high, as it is estimated that fewer than 50% of all embryos reach the 

blastocyst stage (Paonessa et al., 2021; Yang et al., 2022).  

Embryo arrest has been conjectured to prevent further development 

of low-quality or abnormal/damaged embryos. Thus, permanent embryo 

arrest is believed to happen as the result of a checkpoint mechanism that 

evaluates the potential of embryos to develop into healthy individuals (Betts 

and Madan, 2008). Hence, if a major abnormality is detected in cell cycle 

checkpoints, the cell does not progress to mitosis, which is usually 

translated into a delay in the divisions to allow its repair. In fact, this is often 

reflected on a lower-than-expected number of cells in embryos for a given 

stage. If the existing problem cannot be resolved or is extensive to all 

embryo cells, the cell cycle ceases and embryo development is arrested. 

Curiously, this mechanism delaying development and heading to cell cycle 

arrest is particular of very early embryos as, after blastocyst formation, the 

preferred error-solving mechanism is cell apoptosis. This could be related 

to the high division rate of early embryos (Heyer et al., 2000).  

Although several mechanisms have been linked to early embryo 

arrest, the extent of the negative impact of each of these mechanisms on 

embryo development remains unclear. Some of the proposed causes for 

embryo arrest in mammals include: i) failed embryo genome activation 

(Vera-Rodriguez et al., 2015); ii) delayed degradation of maternal transcripts 

(Sha et al., 2020); iii) high levels of reactive oxygen species (ROS) 

(Kawamura et al., 2010; Rocha-Frigoni et al., 2015); iv) aneuploidies 

(Almeida and Bolton, 1998); v) altered regulation of metabolic pathways 

(Yang et al., 2022); and vi) DNA damage beyond repair (Simon et al., 2017).   
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Sperm-derived factors have been shown to have a direct effect on 

early embryo divisions (Vallet-Buisan et al., 2023). Interestingly, Tesarik 

(2005) proposed that the impact of these factors could be divided into early 

and late paternal effects. Early paternal effects would coincide with minor 

embryo gene transcription activity, at very early developmental stages. 

These alterations in embryo development would be caused by 

abnormalities in the sperm centriole and oocyte activating factors. The late 

paternal effect would occur in cleaving embryos undergoing embryo 

genome activation, and would be related to sperm DNA damage (Tesarik, 

2005). Research has further validated this hypothesis, as paternal factors 

have been found to condition embryo development from zygote and 

beyond. Interestingly, it seems that not only DNA fragmentation but also 

other genetic defects, such as chromatin organisation or epigenetic 

modifications, could restrict embryo development (Colaco and Sakkas, 

2018). Yet, although most efforts have been intended to identify the genetic 

factors affecting embryo development, the contribution of other sperm 

components present in the cell cytoplasm or plasma membrane cannot be 

excluded. Remarkably, the extent of the influence of paternal factors on 

early embryo development was investigated further in this Dissertation. 

 

4 Dialogue between semen and the female 

reproductive system 

4.1. Hormonal control of the female reproductive 

system: oestrus and menstrual cycles 

Preimplantation development in mammalian species not only includes the 

continuous division of the developing embryo, but also the preparation of 

the uterus for its implantation. Indeed, the window of uterine receptivity for 
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embryos is highly timed by hormonal regulation involving oestrogen (E2) 

and P4.  

Although the general hormonal regulation is common among 

mammals, there are differences between non-primates and primates. 

Whereas non-primates (including cattle, pigs, sheep, rodents and horses, 

amongst others) have a cyclic appearance of behavioural sexual activity 

with endometrium absorption when no embryo is implanted, named 

oestrous cycle, primates exhibit a regular endometrium shedding at the end 

of their cycle when no embryo implantation occurs, called menstrual cycle. 

In addition, the duration of oestrous/menstrual cycle is highly variable, 

ranging from 4 to 5 days in rodents (Ajayi and Akhigbe, 2020), 18 to 24 days 

in pigs (Soede et al., 2011), 21 days in cows (Larson and Ball, 1992) and 28 

days in humans (Sherman and Korenman, 1975). Moreover, there are 

differences in the phases of the hormonal cycle between primates and non-

primates. First, while in non-primates, the oestrus cycle begins and ends at 

the oestrus phase (also known as heat) when ovulation occurs, in primates, 

the menstrual cycle begins and ends with menstruation, and ovulation 

occurs at mid-cycle. Additionally, whereas the oestrous cycle has four 

phases, namely proestrus, oestrus, metoestrus and dioestrus, the menstrual 

cycle is usually divided into proliferative (or follicular) and secretory (luteal) 

phases. In fact, the follicular phase is usually assumed to be comparable to 

proestrus and oestrus phases, and the secretory phase to metoestrus and 

dioestrus (Radi et al., 2009).   

In general, mammalian reproduction in females is regulated by the 

hypothalamus-pituitary-gonad (HPG) axis. The hypothalamus releases 

Gonadotrophin Releasing Hormone (GnRH), which acts on the anterior 

pituitary to induce the secretion of Follicle Stimulating (FSH) and Luteinising 

Hormones (LH). The main function of FSH is to stimulate the development 

and growth of ovarian follicles. Growing follicles secrete increasing 

concentrations of E2, leading to a GnRH surge that induces a peak of LH 
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secretion, triggering ovulation in the dominant follicle (Ball and Peters, 

2004). The ovulated oocyte is collected by the oviductal fimbria and 

transported to the ampulla, where it may be fertilised. Next, the remaining 

follicular cells transform into luteal cells under the influence of LH to form 

the CL. The CL is a transient endocrine gland whose main function is the 

secretion of P4, which prepares the uterus for a possible pregnancy and also 

exerts a negative feedback on the hypothalamus, and in turn on FSH and LH 

secretion, to avoid further ovulations (Bosch et al., 2021).  

In species with oestrous cycle, in absence of an embryo, the uterus 

begins to secrete prostaglandin F2α (PGF2α) in response to ovarian E2. 

PGF2α has a luteolytic effect (regression of the CL), which results in a drop 

of P4 secretion that leads to the removal of the negative feedback on the 

hypothalamus and pituitary. As a result, GnRH is secreted again at levels 

that induce FSH release. Thus, a new follicular wave and dominant follicle 

recruitment can take place, allowing a novel ovulation to occur (Hansel and 

Convey, 1983). In species with menstrual cycle, the demise of CL at late 

luteal phase reduces the levels of E2 and P4, which removes GnRH negative 

feedback, initiating a new cycle (Bosch et al., 2021). Interestingly, the exact 

mechanisms of luteolysis in those species are currently unknown, as no 

luteolysis signals from the uterus have been identified in primates (Bogan 

et al., 2008).  

On the other hand, when the female becomes pregnant, the embryo 

releases factors able to block a new ovarian cycle (Banerjee and Fazleabas, 

2010). These factors are not common between species; for instance, while 

primate TE cells produce chorionic gonadotropin (CG) to prevent luteolysis, 

in ruminants, the interferon τ (IFN-T) secreted by the TE seems to have a 

comparable effect (Bai et al., 2012). These molecules are able to prevent CL 

luteolysis, which permits the continuous secretion of P4 to keep elevated 

levels. The high P4 levels are thus able to inhibit the HPG axis to prevent a 

new cycle in order to support pregnancy. This evidences the relevance of a 
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correct early crosstalk between the conceptus and the maternal system for 

a successful pregnancy.  

 

4.2. Modulation of the maternal environment by semen 

The modulation of the female reproductive tract has been described to go 

beyond hormonal self-regulation. As briefly mentioned above, a significant 

number of studies in the last two decades have pointed out semen as a key 

regulator of the maternal environment, particularly promoting gestation in 

a wide range of mammalian species (Schjenken and Robertson, 2014). 

Accordingly, the signalling function of semen seems to be highly conserved 

through evolution, suggesting its biological value not only for offspring 

health but also for species progression (Mcgraw et al., 2015).  

Figure 4. Female response to seminal components. Schematic representation of the 

main regions of the female reproductive tract in which seminal components might 

be able to act to promote successful pregnancy. Created with BioRender.  
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Since this research field is still in expansion, the exact extent to 

which semen is able to modulate pregnancy success remains unknown. Yet, 

it seems that both SP and sperm can interact with the female reproductive 

tract at several levels (Figure 4). Thus, considering the social, environmental 

and economic impact of reproduction, a better understanding of how 

reproductive events are regulated is crucial for an appropriate management 

in both humans and farm animals (Schjenken and Robertson, 2020). The 

state-of-the-art is reviewed hereunder. 

 

4.2.1. Involvement of seminal factors in the uterine inflammatory 

response 

Research in this area can be traced back to experiments carried out in 

rodents, where the removal of accessory glands, particularly seminal 

vesicles, was found to reduce fertility and increase post-implantation foetal 

losses in rats (Queen et al., 1981), mice (Pang et al., 1979; Peitz and Olds-

Clarke, 1986) and hamsters (O et al., 1988). These studies conjectured the 

relevance of SP for the reproductive success, opening a wide range of 

hypotheses about the specific effect of this fluid on the female reproductive 

tract. Subsequent investigations reported the secretion of pro-inflammatory 

cytokines in rat and mouse uterus in response to mating, in particular 

tumour necrosis factor (TNF), interleukin (IL)-1β, IL-6, colony-stimulating 

factor (CSF)-1 and CSF-2 (Robertson and Seamark, 1990; Robertson et al., 

1992; Sanford et al., 1992). In addition, studies in rodents described a 

recruitment of specific leukocytes such as neutrophils, macrophages and 

dendritic cells to the endometrium after mating (Robertson et al., 1996; 

Tremellen et al., 1998). In the following years, similar findings were 

observed in humans. In particular, cervical biopsies showed an induction of 

CSF-2, IL-6, IL-8 and IL-1α and leukocyte infiltration in response to seminal 

fluid, which was not elicited during intercourse using condoms (Sharkey et 

al., 2012b, 2012a). Certainly, in vitro studies confirmed that SP was the main 
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responsible of triggering such an inflammatory response, as endometrial 

epithelial and stromal cells cultured with SP presented an increased 

secretion of pro-inflammatory and chemotactic cytokines (Chen et al., 2014). 

This post-mating leucocytosis response was found to be conserved across 

domestic species, including cattle (Ibrahim et al., 2019), horses (Troedsson 

et al., 2001), sheep (Scott et al., 2006) and pigs (O’Leary et al., 2006). All 

these findings have placed SP in the spotlight as an essential actor in the 

regulation of the immune environment in the female reproductive tract. 

Besides, sperm have also been shown to modulate female leukocyte 

recruitment in several mammalian species (Schjenken and Robertson, 

2020). In summary, after many research efforts, seminal factors have been 

demonstrated to trigger a classic inflammatory reaction, with an initial 

surge of pro-inflammatory cytokines and an extensive leukocyte infiltration. 

Many hypotheses briefly depicted herein about the relevance and role of 

this immune response for the reproductive success have been proposed.  

Initially, the neutrophil recruitment happening immediately after 

coitus was thought to mainly occur for microbial clearance purposes 

(Schjenken and Robertson, 2014). Yet, a second key role for these cells was 

proposed with the discovery of the seminal induction of neutrophil 

extracellular traps (NETs) (Alghamdi et al., 2004), which are DNA-based 

structures able to entrap pathogenic and non-pathogenic bodies 

(Brinkmann et al., 2004; Manfredi et al., 2018). Although the exact factors 

triggering this process are yet to be unveiled, neutrophil phagocytosis and 

NETosis are known to be tightly regulated (Branzk et al., 2014). For instance, 

phagocytosis, a faster process compared to NETosis, has been reported to 

sequestrate factors capable of inducing NETosis, such as neutrophil NE 

elastase (NE) and myeloperoxidase (MPO), into phagosomes (Branzk et al., 

2014). In addition, although no consensus regarding the factors and 

signalling pathways involved in the induction of NET formation exists, 

particle size (Branzk et al., 2014) and reactive oxyge species (ROS) (Remijsen 

et al., 2011; Kaplan and Radic, 2012; Branzk et al., 2014; Papayannopoulos, 
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2018) have been pointed out as relevant. In any case, endometrial NETosis 

has been reported to be induced by both SP and sperm depending on the 

species; whereas they are triggered by sperm in humans (Piasecka et al., 

2014) and pigs (Wei et al., 2020), SP seems to be crucial for NET formation 

and release in cattle (Alghamdi et al., 2009, 2010; Fichtner et al., 2020) and 

donkeys (Mateo-Otero et al., 2022). Sperm sequestration by NETs has been 

proposed to occur to selectively trap abnormal sperm, probably on the basis 

of sperm surface membrane features, rather than to reduce the access of 

sperm to oocytes (Tomlinson et al., 1992).  

On the other hand, the second immune cells recruitment, involving 

macrophages and dendritic cells, has been recognised to promote uterine 

receptivity for embryo implantation. In particular, macrophages have been 

characterised to secrete enzymes and signalling molecules that: i) modify 

the luminal epithelial glycocalyx and stromal extracellular matrix to 

facilitate embryo attachment (Jasper et al., 2011) and trophoblast invasion 

during placentation (Robertson, 2005) and, ii) promote angiogenesis 

(Schäfer-Somi et al., 2013). Conversely, dendritic cells appear to have a 

long-term role, as they regulate the adaptive immune response by 

presenting antigens to T-cells. Thus, the main function of dendritic cells is 

to mediate immune tolerance to the paternal alloantigens that are later 

expressed by the implanting embryo to avoid immune-mediated abortions 

(Moldenhauer et al., 2009). In short, the inflammatory response triggered by 

seminal factors seems to be crucial to prepare the uterine environment for 

a successful implantation and to further support pregnancy (Schjenken and 

Robertson, 2020).  
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4.2.2. Influence of seminal factors on oviduct physiology and the 

establishment of the sperm reservoir 

Similarly to the events occurring in the uterus, SP is also able to induce the 

release of cytokines after mating far from the semen deposition site 

(Bromfield et al., 2014; Álvarez-Rodríguez et al., 2020). In fact, in absence of 

SP, oviductal cytokine expression has been reported to be disrupted and 

embryo development success diminished in mice (Bromfield et al., 2014). 

The release of specific oviductal cytokines induced by SP is, therefore, likely 

to determine the success of the earliest stages of embryo development. 

Remarkably, oviduct physiology seems to be modulated not only by SP, but 

also by sperm. Interestingly, in pigs, the local immune response within the 

oviduct has been reported to rely upon which sex chromosome sperm carry 

and, thus, each type of sperm (i.e., X or Y) elicits a sex-specific signal 

transduction in oviductal cells (Almiñana et al., 2014).  

In addition, SP has been found to facilitate the establishment of the 

sperm reservoir in the oviductal isthmus through two mechanisms. First, SP 

has been reported to have a direct effect on the oviductal sperm reservoir 

by inducing changes in the gene expression in both chickens and pigs 

(Atikuzzaman et al., 2017). Alternatively, SP proteins have also been 

described to facilitate sperm reservoir formation. An example of this can be 

found in cats, where the incubation of epididymal sperm with SP was seen 

to promote sperm attachment to oviduct explants (Henry et al., 2015). The 

molecular mechanisms regulating the establishment of the sperm reservoir 

have been described in depth in bovine and porcine species (Töpfer-

Petersen et al., 2008; Talevi and Gualtieri, 2010). In bovine, BSP proteins 

from SP are able to attach to sperm head and, once in the oviduct, BSP-A1/2 

can be recognised by receptors of the oviductal epithelium to form the 

sperm reservoir (Suarez, 2002; Gwathmey et al., 2003). A similar mechanism 

has been reported for pigs, in which spermadhesins from SP seem to be 

capable of binding the sperm surface and be recognised by oviductal 
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epithelial carbohydrates (Ekhlasi-Hundrieser et al., 2005). In addition, it is 

interesting to mention that pig sperm have also been reported to regulate 

the oviductal expression of genes that modulate the sperm function during 

the formation of the oviductal reservoir (Yeste et al., 2009, 2014).  

Although many efforts have been made to specifically describe how 

seminal factors influence the uterine environment, the specific mechanisms 

underlying oviductal modulation are still unclear for many species. Yet, 

keeping in mind that SP is not likely to reach further than the uterus, only 

those factors from SP able to bind sperm can be hypothesised to influence 

oviductal physiology (Recuero et al., 2020). In any case, given that the 

oviductal events that semen seems to influence are of great relevance for 

the reproductive success, research on this particular topic might help to 

better explain early pregnancy failure in mammals. 

 

4.2.3. Modulation of ovarian physiology by seminal factors 

The SP seems to be able to control ovarian physiology in several 

mammalian species. First, SP has been reported to be indispensable to 

trigger ovulation in induced ovulatory species such as camels, alpacas, cats 

and rabbits (Adams and Ratto, 2013). Interestingly, the existence of a 

seminal factor regulating ovulation was demonstrated in experiments in 

which llama SP was administered to non-induced ovulatory species such as 

mice (Bogle et al., 2011) or cattle (Tanco et al., 2012) and ovulation was 

modified. In addition, in pigs, a non-induced ovulatory species, SP 

administration prior to ovulation was found to shorten the interval between 

LH peak and ovulation, as well as to increase P4 plasma concentration 

(Waberski et al., 1999; O’Leary et al., 2006). Besides ovulation, SP also 

appears to regulate CL function through the recruitment of ovarian 

macrophages in mice (Gangnuss et al., 2004) and pigs (O’Leary et al., 2006). 

The molecules accounting for CL formation have been presumed to access 

the uterine vein to reach the ovary and even the hypothalamic-pituitary axis 
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in the brain (Ratto et al., 2012). All these data suggest that SP, albeit not 

always essential for the reproductive success, facilitates ovulation and 

regulates CL function in mammals. 

 

4.2.4. Seminal induction of embryotrophic/embryotoxic factors  

Finally, semen has also been described to induce the release of factors 

capable of positively or negatively modulating embryo development 

(Robertson et al., 2011). Specifically, semen seems to be able to induce the 

uterine and oviductal secretion of these factors in species such as mice 

(Robertson et al., 1992; Bromfield et al., 2014) and pigs (O’Leary et al., 2004). 

In particular, a study in mice showed that the absence of SP upon mating 

resulted in the reduction of zygote cleavage and impaired blastocyst 

development (Bromfield et al., 2014). Similarly, in pigs, the administration 

of SP during artificial insemination (AI) was found to promote embryo 

development and to alter the uterine cytokine expression (O’Leary et al., 

2004; Martinez et al., 2019). 

 Seminal factors are able to induce the release of embryotrophic 

factors by the female reproductive tract. Some of these factors are CSF1, 

CSF2, CSF3, IL-6, Leukemia Inhibitory Factor (LIF) and Vascular Endothelial 

Growth Factor (VEGF), and their effect is herein exemplified with CSF2. In 

response to semen exposure, the CSF2 released by the female reproductive 

tract targets pre-implantation embryos to promote blastocyst formation and 

enhance blastomere viability in mice (Robertson et al., 2001), regulate 

epigenetic reprogramming in cattle (Loureiro et al., 2009), and promote 

blastulation and increase ICM and TE cell numbers in humans (Sjöblom et 

al., 1999). On the contrary, under certain conditions, the uterus and oviduct 

can release embryotoxic factors that may compromise embryo development. 

The three embryotoxic factors known to be induced by SP are TNF, IFN-γ 

and TNF-related apoptosis inducing ligand (TRAIL). From those, TRAIL is 

the one whose effect has been better described. In particular, in mice (Riley 
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et al., 2004) and humans (Robertson et al., 2018), TRAIL binding to its 

receptor in preimplantation embryos has been reported to induce 

apoptosis.  

Although the main in vivo interaction between semen and embryos 

has been described as indirect, via the modulation of gene expression in the 

maternal tract, a direct action of SP on embryo development should not be 

discarded. In fact, EVs could have a crucial role in this process, as a recent 

study carried out in mice observed that seminal EVs were able to improve 

in vitro embryo development (Ma et al., 2022). Yet, further studies should 

address the mechanisms underpinning the capacity of SP to control early 

embryo development. 

 

5 Impact of male factors on fertility 
As aforementioned, semen has been demonstrated to modify the female 

genital tract in order to create a suitable uterine environment enhancing 

reproductive success. For instance, beyond the activation of the female 

immune response, seminal factors seem to improve placental 

developmental, which directly influences foetal growth (Bromfield, 2014). 

Furthermore, seminal factors can also have an impact on embryo 

development, which may result in long-term consequences for offspring 

health. The molecular identity of these paternal factors, which are carried 

by both SP and sperm, is wide ranging, including proteins, lipids, nucleic 

acids, carbohydrates and other metabolites. Considering the aims of this 

Dissertation, the proteome, metabolome and sperm DNA impact on fertility 

are explained in more detail in the following sections. 
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5.1. Influence of sperm and seminal plasma molecules 

on male fertility potential 

5.1.1. Seminal plasma and sperm proteome 

The seek for molecular biomarkers able to explain sperm physiology and 

fertility potential began with the description of SP and sperm proteome. One 

reason for this interest is the transcriptionally and translationally inert 

nature of sperm (Baker and Aitken, 2009), which made the study of the 

seminal proteome the main research field for biomarkers for a long time. In 

this sense, the identification of proteins that might serve as fertility 

biomarkers became a relevant area of research, not only to understand how 

SP proteins are able to influence both sperm function and the female 

reproductive tract, but also from an applied perspective for fertility clinics 

and the animal breeding industry. In this regard, advanced proteomic 

techniques, including Liquid Chromatography coupled to tandem Mass 

Spectrometry (LC-MS/MS) and Matrix Assisted Laser Desorption Ionisation 

Time of Flight Mass Spectrometry (MALDI-TOF-MS), have represented a 

major scientific turning point in the field of reproductive biology, as they 

have allowed unravelling the complete proteome of both sperm and SP in 

many mammalian species (Druart et al., 2019). In fact, the widespread use 

and the improvement of the sensitivity of MS-based techniques over the 

last decade has led to both the identification of novel biomarkers able to 

predict sperm quality and fertility potential, and the validation of previously 

proposed markers (Agarwal et al., 2020b).  

 Earlier studies in humans identified candidate markers for specific 

clinical conditions, such as asthenozoospermia, azoospermia, 

oligoasthenozoospermia, globozoospermia, varicocele and even testicular 

cancer, in both sperm (Agarwal et al., 2020) and SP (Panner Selvam and 

Agarwal, 2018). Conversely, in livestock, research has been focused on how 

proteins present in sperm and SP are able to modulate sperm cryotolerance, 

physiology and fertility. Remarkably, some of these proteins have been 
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found to be common between species. An example of this are BSP and 

spermadhesins, which seem to be the most shared proteins between 

domestic animals, both having been repeatedly purported to modulate 

sperm maturation, metabolism and survival and to be associated to fertility 

in species such as pigs, sheep, cattle and horses (Druart et al., 2019). 

Notably, species-specific differences have also been reported; i) not all 

seminal proteins are shared across species (Druart et al., 2013); and ii) 

proteins that have been proposed to be relevant for the reproductive 

strategy in one species are often not in others. Focusing on the latter, this 

can be exemplified with proteins modulating ovulation, particularly the 

ovulation inducing factor β-nerve growth factor (β-NGF). This protein has 

been detected in the SP of both induced and spontaneous ovulators, 

suggesting that it may or may not play a crucial role in ovulation induction 

depending on the species (Suarez and Wolfner, 2017). For this reason, 

although high throughput proteomic studies have driven the identification 

of potential biomarkers, further research is needed to elucidate the exact 

mechanisms by which proteins from both SP and sperm might be 

influencing sperm performance, and the potential particularities in each 

species. This is further approached in this Dissertation, particularly 

regarding the role of Aldose Reductase B 1 (AKR1B1) in reproductive 

physiology. 

 

Role of AKR1B1 in mammalian reproduction 

Aldose reductases are NADPH-dependent enzymes that belong to the aldo-

keto reductase (AKR) superfamily (Bohren et al., 1989; Hyndman et al., 

2003). The AKRs are divided into 16 families of monomeric (Jez et al., 1997) 

and multimeric forms (Kavanagh et al., 2002; Kozma et al., 2002; Barski et 

al., 2008). In particular, AKR1B1 belongs to the AKR family 1, the largest one, 

which also includes proteins such as aldehyde reductases, hydroxysteroid 

dehydrogenases and steroid 5β-reductases (Hyndman et al., 2003). It is the 
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most studied aldose reductase, probably because of its relevant function in 

cell homeostasis, specifically: i) as a part of the polyol pathway involved in 

fructose production, catalysing the conversion of glucose into sorbitol 

(Avancini and Rossing, 2015); and ii) as a detoxification enzyme through the 

reduction of carbonyl-containing metabolic compounds (Srivastava et al., 

2005). 

 This protein has been described to be relevant for both male and 

female reproductive physiology in several mammalian species, including 

humans (Bresson et al., 2011), cattle (Frenette et al., 2004; Girouard et al., 

2009), rats (Kobayashi et al., 2002), mice (Jagoe et al., 2013), sheep (Yang et 

al., 2019) and pigs (Steinhauser et al., 2016). Regarding male reproductive 

physiology, AKR1B1 has been reported to contribute to epididymal 

maturation in cattle (Frenette et al., 2003) and mice (Jagoe et al., 2013). On 

the other hand, porcine aldose reductase has been proposed to modulate 

sperm fertilising ability via the regulation of sperm motility during 

capacitation (Katoh et al., 2014). In addition, a detoxifying function of 

AKR1B1 has been shown in rodents, which is suspected to contribute to 

sperm survival (Kobayashi et al., 2002; Jagoe et al., 2013). Besides, a study 

conducted by Pérez-Patiño et al. (2018) performed an in-depth proteomic 

analysis of pig SP to find potential in vivo fertility biomarkers and pointed 

out AKR1B1 as one of the most relevant (Pérez-Patiño et al., 2018). 

Specifically, the levels of AKR1B1 in SP were found to be higher in boars 

with high farrowing rates compared to those with low ones. Given its great 

potential, the role played by SP-AKR1B1 in male reproductive physiology 

was further investigated in this Thesis Dissertation. 

Regarding female reproductive physiology, AKR1B1 has been 

reported to act as a prostaglandin F synthase in the endometrium of 

humans (Bresson et al., 2011), cattle (Madore et al., 2003) and pigs (Seo et 

al., 2014) during early pregnancy. In particular, AKR1B1 has been found to 

directly synthesise PGF2α (Bresson et al., 2011) and indirectly influence 
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PGE2 production (Bresson et al., 2012). As briefly mentioned above, PGF2α 

is a widely known luteolytic factor (Jensen et al., 1987). In contrast, PGE2 

has been described to maintain luteal function for early embryo 

development and to promote implantation (Niringiyumukiza et al., 2018).  

Finally, AKR1B1 has also been identified in embryos. In effect, 

AKR1B1 was detected in conceptus-derived exosomes of pregnant cows at 

Days 15 and 17 of gestation (Nakamura et al., 2016). In contrast, AKR1B1 

transcripts were found to be enriched in blastocysts that did not result in 

pregnancy or were resorbed (El-Sayed et al., 2006). Thus, the involvement 

of this protein on fertility in terms of uterine environment modulation and 

embryo development still needs to be clarified. 

  

5.1.2. Seminal plasma and sperm metabolome 

The metabolome can be defined as the total set of small molecular weight 

compounds, known as metabolites, that participate in catabolic and 

anabolic pathways. In fact, metabolites are the end products of cellular 

metabolic processes and biological systems (Goodacre et al., 2004). 

Metabolites are thus considered to reflect the downstream events of gene 

expression, amplifying the potential changes in response to various 

conditions compared to transcriptome and proteome (Deepinder et al., 

2007). In the last decades, the progress in analytical technologies, including 

MS and Nuclear Magnetic Resonance (NMR) spectroscopy, have allowed 

the identification of novel biomarkers in a wide range of biofluids, including 

semen.  

 The metabolomic profile of both SP and sperm has been analysed 

in several mammalian species in recent years. Most studies have been 

focused on SP, probably due to the challenge the reduced cytoplasm of 

sperm represents for metabolite extraction and because, in most species, 

getting sufficient SP volume is easier than harvesting enough sperm cells 
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for their analysis. Yet, studies conducted in humans (Zhao et al., 2018; Engel 

et al., 2019) and cattle (Menezes et al., 2019) were able to characterise the 

sperm metabolome and suggested a relationship with in vivo fertility 

outcomes. On the other hand, the relationship between SP metabolites and 

sperm physiology was explored in humans (Wang et al., 2019), pigs (Mateo-

Otero et al., 2021) and sheep (Jia et al., 2021). In addition, similarly to 

proteomic studies conducted in humans, the metabolome of both SP and 

sperm was characterised for several pathological conditions such as 

asthenozoospermia (Li et al., 2020), oligoasthenoteratozoospermia (Mumcu 

et al., 2020) and azoospermia (Bonechi et al., 2015; Gilany et al., 2017). In 

livestock, most studies have been carried out in bulls, where differences in 

the metabolomic profile were reported between individuals with different 

fertility (Kumar et al., 2015; Velho et al., 2018; Talluri et al., 2022). While the 

metabolite content of SP seems to be conserved across species (Gupta et 

al., 2011; Bonechi et al., 2015; Kumar et al., 2015; Mateo-Otero et al., 2020), 

the relationship between certain metabolites and sperm physiological traits 

and fertility potential seems to be species-specific.  

The vast majority of metabolomic characterisations of both SP and 

sperm have followed an untargeted approach in order to provide a complete 

metabolite profile and explore the relevance of specific metabolites as 

potential biomarkers. That being said, more research is still needed not only 

to validate the detected relationships, but also to investigate in more detail 

specific pathways that may impact on reproductive events. For instance, 

targeted metabolomic approaches could be useful for this purpose, as they 

measure defined groups of annotated metabolites to characterise specific 

pathways (Roberts et al., 2012). In the light of the above, this was further 

investigated in the present Doctoral Thesis. Particularly, and to explore the 

relationship between metabolites and fertility outcomes, two approaches 

were followed: a) an untargeted characterisation of the SP metabolome; and 

b) a targeted characterisation of sperm metabolites. 
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5.1.3. Seminal extracellular vesicles 

Extracellular vesicles are nano-sized lipid organelles shed by cells that act 

as a vehicle for intercellular communication, both locally and remotely. The 

EVs are capable of packaging intracellular molecular components involved 

in signalling, including proteins, metabolites, lipids, cytokines and RNA, 

among others. These EV-packed molecules are able to modify the targeted 

cells function in both physiological and pathological conditions (Machtinger 

et al., 2016). Based on their biogenesis and size, EVs can be classified as: i) 

exosomes (50-150 nm), intraluminal vesicles resulting from the endosomal 

pathway; ii) microvesicles (100-1000 nm), formed by plasma membrane 

budding; and iii) apoptotic bodies (500-4000 nm), blebs originated from cells 

undergoing apoptosis. These three types of EVs also seem to differ in their 

cargo. While exosomes and microvesicles carry molecules that participate 

in cell-cell communication, cell maintenance and tumour progression, 

apoptotic bodies contain nuclear fragments and cell debris. Furthermore, 

and unlike apoptotic bodies, exosomes and microvesicles are characterised 

by protein markers including tetraspanins and adhesion integrins in their 

plasma membrane (Van Niel et al., 2018). The identification of EVs in 

reproductive biofluids such as SP, and oviductal and uterine fluids and even 

in vitro embryo culture (IVC) media has completely changed the paradigm 

of how male-female and female-embryo interactions work (Machtinger et 

al., 2016).  

 Focusing on the male, the SP is one of the biological fluids with the 

highest content of EVs, compared to the cerebrospinal fluid or blood plasma 

(Skalnikova et al., 2019). Although the relative contribution of microvesicles 

and exosomes to the EVs present in SP still needs to be elucidated, it has 

been calculated that 10% of the total protein content of SP is encapsulated 

in EVs (Panner Selvam and Agarwal, 2018). Traditionally, seminal EVs have 

been understood as a mixture of EVs released by secretory acinar cells of 

the prostate and by the epididymal epithelium, leading to naming these EVs 

as “prostasomes” and “epididymosomes”, respectively (Sullivan and Saez, 
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2013; James et al., 2020). Yet, other regions of the male reproductive tract 

have also been reported to release EVs, including Sertoli cells of the testis, 

epithelial cells of seminal vesicles and ductus deferens (Roca et al., 2022). 

Seminal EVs should, therefore, be understood as a heterogeneous 

population of EVs originated all along the male reproductive tract.  

 As mentioned in Section 1.1.3 of the Introduction, epididymosomes 

are able to modulate sperm maturation during their transit throughout 

epididymis (Suryawanshi et al., 2012; Caballero et al., 2013; James et al., 

2020). Upon ejaculation, seminal EVs interact with both sperm and the 

female reproductive tract, as reported in several mammalian species. First, 

the interaction of seminal EVs with sperm seems to regulate different 

physiological processes, such as maturation, motility, capacitation and the 

acrosome reaction. The exact role of seminal EVs is, nevertheless, still under 

debate, as published data appear to be inconsistent. On the one hand, 

studies conducted in pigs reported that seminal EVs are able to inhibit 

cholesterol efflux and keep sperm plasmalemma intact, thereby delaying or 

even inhibiting sperm capacitation in pigs (Piehl et al., 2013; Du et al., 2016) 

and humans (Pons-Rejraji et al., 2011). This was further confirmed by 

Bechoua et al. (2011), who reported that incubation of human sperm with 

prostasomes decreases tyrosine phosphorylation levels, one of the most 

common capacitation markers (Bechoua et al., 2011). In contrast, other 

investigations found that seminal EVs are able to potentiate sperm 

capacitation in pigs (Siciliano et al., 2008) and humans (Murdica et al., 2019). 

Moreover, seminal EVs also seem to influence the female reproductive tract 

in terms of immune regulation, in several species including pigs (Bai et al., 

2018), humans (Kelly et al., 2008) and cattle (Lazarevic et al., 1995). Although 

all these findings clearly demonstrate the essential role of seminal EVs in 

reproductive physiology, further research to unravel the exact contribution 

of free and EV-encapsulated molecules in such processes is much 

warranted. 
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5.2. Influence of sperm chromatin structure on fertility 

outcomes 

Sperm DNA has been reported to influence reproductive outcomes beyond 

the effect of its genome on progeny. For instance, chromatin structure, 

which comprises both nucleoproteins and chromatin integrity, has been 

described as a key factor in the regulation of mammalian embryo 

development. Altered histone content, histone/protamine ratio, protamine 

1/protamine 2 ratio and epigenetic signatures result in abnormal chromatin 

packing, which detrimentally affects embryo development in humans 

(Castillo et al., 2015; Barrachina et al., 2018; Fournier et al., 2018). In fact, 

aberrant nucleoprotein content and/or distribution has also been proposed 

to increase DNA susceptibility to damage and abnormal epigenetic marking 

(Barrachina et al., 2018).  

Sperm DNA fragmentation is a genotoxic insult that mainly occurs 

during spermatogenesis and sperm transport through the male 

reproductive tract. Specifically, sperm DNA damage acquired throughout 

spermatogenesis may be caused by apoptosis in the seminiferous tubules 

or defects over chromatin remodelling during spermiogenesis. Regarding 

sperm transport, the most common mechanisms triggering DNA damage 

are oxygen radicals produced during sperm migration along the 

epididymis, the activation of sperm caspases and endonucleases, 

environmental toxicants, chemotherapy and radiotherapy (Sakkas and 

Alvarez, 2010).  

Two types of DNA breaks have been characterised in sperm: single- 

and double-strand DNA breaks. Single-strand breaks are mainly caused by 

free radicals, which can oxidise DNA bases into 8-OH-guanine and 8-OH-2’-

deoxyguanosine destabilising the DNA structure and causing DNA breaks 

(De Iuliis et al., 2009; Santiso et al., 2010). The reactive oxygen species (ROS) 

that cause single-strand breaks can have both an exogenous origin, such as 

environmental toxins and alcohol, and/or endogenous origin, such as 
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increased mitochondrial activity or varicocele (Aitken and De Iuliis, 2010; 

Sakkas and Alvarez, 2010; Agarwal et al., 2014). Single-strand breaks are 

usually widespread in the whole sperm genome, as they occur in both 

protamines-compacted toroidal regions and histones-compacted matrix 

attachment region (MAR) regions (Ribas-Maynou et al., 2012). On the other 

hand, double-strand breaks occur during spermatogenesis, the histone-

protamine exchange and the activation of apoptosis (Agarwal et al., 2020a). 

This DNA damage tends to be more localised, specifically in MAR regions 

(Ribas-Maynou et al., 2012). 

Sperm DNA damage can be assessed through different techniques. 

The traditional assays include Terminal deoxynucleotidyl transferase dUTP 

nick end labelling (TUNEL), Sperm Chromatin Structure Assay (SCSA) and 

Sperm Chromatin Dispersion (SCD) test, which cannot decipher the type of 

DNA break or the region affected. There is, however, another methodology, 

the Comet assay, that has higher sensitivity and can discriminate between 

single-strand breaks and total DNA damage (Ribas-Maynou and Benet, 

2019).  

The presence of unrepaired DNA breaks has been found to affect in 

vitro and in vivo fertility outcomes in several mammalian species. For 

instance, the effect of DNA breaks on fertility has been named as late 

paternal effect (Tesarik, 2005), as embryos with normal karyotype but 

bearing these DNA breaks fail to develop further than morula or blastocyst 

stages. This embryo developmental arrest has been found to occur in two 

ways in humans: a) fertilised oocytes are unable to reach late 

developmental stages after embryo genome activation; and b) embryos fail 

to further develop from morula or blastocyst stage and/or implant (Sakkas 

and Alvarez, 2010; Ribas-Maynou et al., 2021). Yet, considering that this 

needs to be validated in other mammals, the present Dissertation also 

addressed how sperm DNA damage influences oocyte fertilisation and 

embryo development. 
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5.3. Male factors impact on offspring health 

It is known that the two progenitors contribute to the offspring phenotype, 

mainly through the information encoded in the genome. In the case of the 

male, where sperm are accompanied by SP upon mating, it is possible that 

factors other than the DNA play a role and determine offspring health. 

Indeed, besides its relevance in the modulation of the maternal 

environment, seminal factors have been described to influence foetal 

development long after oocyte fertilisation and pre-implantation embryo 

stages.  

The impact of seminal factors on offspring health was first tested in 

hamsters, where the excision of paternal accessory sex glands resulted in 

reduced postnatal growth and increased anxiety in adult pups (Wong et al., 

2007). Later, in mice, the offspring from females that had not been exposed 

to seminal vesicle secretions during mating showed placental hypertrophy 

and, after birth, symptoms of metabolic syndrome including increased 

adiposity and hypertension, particularly in the male progeny (Bromfield et 

al., 2014). These authors hypothesised that the effect of these secretions on 

phenotype was likely to be explained by epigenetic mechanisms, which 

would be supported by studies linking the embryo epigenome to metabolic 

disorders (Seki et al., 2012). In addition, regarding the observed higher 

incidence of metabolic syndrome symptoms in the male progeny, several 

studies previously reported different epigenetic modifications between 

sexes at preimplantation stages, particularly showing that male embryos 

are more sensitive to environmental stress during IVC, later affecting 

embryo development and possibly offspring health (Sjöblom et al., 2005; 

Bermejo-Alvarez et al., 2011). All these findings suggest that male accessory 

glands secretions may have the potential to affect offspring long after 

conception and embryonic development in a sex-specific manner. 

Next, a more recent work sought to investigate the exact 

contribution of both SP and sperm to offspring health in mice (Watkins et 
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al., 2017). In that study, it was reported that mice derived from semen of 

males fed with a low protein diet were heavier than those derived from 

semen from males fed with a normal protein diet. Interestingly, when sperm 

from animals fed with normal protein content diets were mixed with the SP 

from animals fed with low protein diets, the offspring displayed alterations 

in growth and hepatic gene expression (Watkins et al., 2018). From these 

results, the authors concluded that while sperm may transfer 

genetic/epigenetic information, the effect of SP might be concentrated in 

the modulation of maternal environment (Morgan and Watkins, 2019). In 

spite of this, it cannot be excluded that the impaired offspring health could 

be caused by newly introduced epigenetic modifications to sperm DNA.  

Finally, in addition to seminal factors, paternal well-being at the time 

of conception has also been reported to influence long-term offspring 

health. For instance, the offspring of male mice fed with a low-protein diet 

was found to have increased expression levels of cholesterol and lipid 

synthesis-related genes in their livers (Carone et al., 2010). Similarly, 

feeding rodents with high fat or low folate diets or even paternal fasting was 

found to compromise offspring metabolic health (Anderson et al., 2006; 

Fullston et al., 2013; Lambrot et al., 2013; Cropley et al., 2016). All these 

works also pointed out the epigenome as the primary vehicle for the 

transmission of these alterations. More importantly, all these studies 

introduced a new variable in the factors shaping the reproductive success 

in the long term: the environmental factors. Either way, epigenetic 

signatures seem to be capable of reprogramming the genome so that novel 

features can be inherited through the mammalian germline. 
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The repercussion of paternal factors on fertility seems to comprise much 

more than the information encoded in the sperm DNA. For instance, both 

SP and sperm appear to influence the reproductive success, directly and 

indirectly. In view of the above considerations, the general aim of this 

Dissertation was to increase the current knowledge about the contribution of 

seminal factors to in vivo and in vitro fertility outcomes in mammals. For this 

purpose, two Chapters were devised, with the following specific objectives 

and sub-objectives: 

To address whether SP can modulate in vivo fertility, and the 

potential molecular mechanisms underlying this regulation: 

1 To evaluate whether SP can influence preimplantation 

embryo development in vivo. - Paper I - 

2 To explore the mechanisms by which SP-proteins modulate 

in vivo fertility, using AKR1B1 as a candidate marker. - Paper 

II - 

3 To examine whether SP metabolites may affect in vivo 

fertility outcomes. - Paper III – 

 

To investigate sperm molecular mechanisms able to modulate in 

vitro fertility, in terms of oocyte fertilisation and pre-implantation 

embryo development: 

1 To determine the mechanisms by which sperm proteins 

modulate sperm function, oocyte fertilisation and embryo 

development, using AKR1B1 as a candidate marker. - Paper 

IV - 

2 To describe how sperm metabolism may impact in vitro 

fertility outcomes. - Paper V - 

3 To assess whether the integrity of sperm DNA has any role 

on the reproductive success evaluated in vitro. - Paper VI - 
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Discussion 
Several roles have been attributed to SP, including the modulation of both 

male and female reproductive physiology. Yet, evidence supports that SP is 

not essential for successful fertilisation, as epididymal sperm used for in 

vitro fertilisation (IVF) and intra-cytoplasmatic sperm injection (ICSI) can 

produce embryos with great efficiency. In the case of humans, although IVF 

and ICSI procedures are of wide use to treat infertility, implantation rates 

are still below 40 %. Although a variety of factors contribute to implantation 

failure, the absence of SP in ART may be the biggest missing piece of the 

puzzle (Mcgraw et al., 2015). Accordingly, the first Chapter of the present 

Dissertation aimed to investigate the extent to which SP can modulate in vivo 

fertility, and the potential molecular mechanisms underlying this regulation. 

The first work of the present Chapter assessed the effect of SP on in 

vivo embryo development. For this study, cattle were chosen as the most 

suitable animal model, because of the fertility reduction affecting the dairy 

industry. For many years, genetic selection of dairy cattle was only focused 

on increasing milk production, as this is the most financially lucrative area 

in this sector (Miglior et al., 2017). In spite of this, by the end of the 20th 

century, a decline in other relevant traits such as longevity, susceptibility to 

disease and, most relevant for the present work, calving rates, were 

identified (Pryce et al., 2004). In fact, a decline in conception rates of 1 % per 

year was observed (Boichard et al., 2002a, 2002b). Yet, since genetic 

selection for milk production traits only explains 30-50 % of the decline in 

the conception rates in dairy cattle (Grimard et al., 2006), the contribution of 

other factors should be further addressed.  

While ≥ 70 % of ovulated oocytes are fertilised in lactating heifers 

after AI (Sartori et al., 2002), only 65 % of the resulting embryos are viable 

5-6 days after AI (Santos et al., 2004). In fact, Humblot (2001) observed that 

early embryonic loss in pre-implantation embryo stages in dairy cows 

represents 20-45 % of all pregnancy failures, followed by late 
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embryonic/foetal loss (after day 16) (8-17 %) and late abortion (1-4 %) 

(Humblot, 2001). All these data suggest that the main cause of the decline 

in fertility rates in dairy cattle is not likely to be explained by oocyte 

fertilisation failure or late abortions, but by early embryonic death. In spite 

of this, it is not clear whether pregnancy loss in dairy cattle is due to failure 

in the establishment of an appropriate uterine environment for embryo 

development, intrinsic embryonic defects, or both. Focusing on the former, 

the female reproductive tract has been reported to be modified by seminal 

factors in many mammalian species, including mice, humans, pigs and 

cattle (Schjenken and Robertson, 2020). Against this background, the first 

study of this Chapter aimed to elucidate the effect of SP exposure on in vivo pre-

implantation embryo survival and development. To this end, heifers in standing 

oestrus were either mated with vasectomised bulls (which only deposited 

SP upon ejaculation; SP exposed) or left unmated (control). Then, in vitro 

produced embryos were transferred 7 days after mating to both groups. 

Heifers were slaughtered and embryos were recovered at day 14 to assess 

conceptus survival, developmental stage and gene expression. In addition, 

CL was also evaluated in terms of volume at day 7, as well as weight and 

volume at day 14.  

The results of this first study showed no differences in the volume 

or weight of CL, either at day 7 or day 14, which could be interpreted as no 

effect of SP on ovarian physiology in cattle. Previous studies conducted in 

mice (Gangnuss et al., 2004) and pigs (O’Leary et al., 2006) reported that 

exposure to SP (by mating in mice, or by infusion into the uterus in pigs) 

induced an increase of macrophage recruitment into the ovulatory follicle 

(Gangnuss et al., 2004; O’Leary et al., 2006). Yet, while this recruitment was 

not detected to affect CL physiology in mice (Gangnuss et al., 2004), which 

would resemble to the findings reported here, an increase in 

steroidogenesis in response to SP exposure in pigs was observed (O’Leary 

et al., 2006). The discrepancy between cattle and pigs could be explained by 

the different time-points selected for analysis. In cattle, an experiment 
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assessing the effects of the exogenous administration of P4 on the 

modulation of CL behaviour between days 3 and 7 post-ovulation 

determined that there was no variation in the CL weight at day 14 (O’Hara 

et al., 2014). These data would agree with the results of the present work, 

as no differences in the volume and weight of CL were observed either at 

day 7 or day 14. One, however, should not discard macrophage recruitment 

during days 3 to 6, which could lead to faster CL growth and higher 

peripheral levels of P4 before day 7. Unfortunately, the time-points chosen 

for this experiment did not allow testing this hypothesis. Conversely, it 

cannot be discarded that bovine SP might not be able to affect ovarian 

physiology, as occurs in mice (Gangnuss et al., 2004). Finally, it is worth 

mentioning that the potential species-specific differences in the role of SP 

in ovarian physiology could be related to the particular reproductive 

strategies of each species. 

Studies in mice (Bromfield et al., 2014) and humans (Tremellen et 

al., 2000) previously suggested that the presence of SP can improve 

pregnancy rates. In spite of this, in the present study, no differences in the 

embryo recovery rate (and, therefore, embryo survival) were observed 

between SP-treated and control groups, harvesting, at day 14, the exact 50 

% of the embryos transferred to both groups at day 7, values that are in line 

with the usual recovery in cattle (Betteridge et al., 1980; Diskin and Morris, 

2008). These results are consistent with other investigations showing that 

intrauterine SP infusion does not improve pregnancy rates in cattle 

(Odhiambo et al., 2009; Pfeiffer et al., 2012; Ortiz et al., 2019). Interestingly, 

a similar experiment carried out in pigs also found equal embryo viability 

at early stages of pre-implantation between SP-treated and control groups 

(Martinez et al., 2019). Again, the potential differences between mice, 

humans, pigs and cattle could respond to species-specific effects of SP on 

the uterine environment, thus affecting embryo survival. 
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Despite the lack of differences in embryo recovery rates, a trend 

towards longer conceptuses (average conceptus length of ≥ 4 mm) in heifers 

exposed to SP in comparison to the control group was detected. This last 

result was confirmed when embryo length was analysed on a morphology 

basis (ovoid (0.5-4 mm), tubular (days 5-19 mm) and filamentous (> 20 mm); 

(Ribeiro et al., 2016)). Specifically, the results showed that longer 

filamentous embryos from SP-exposed heifers were recovered. Similarly, 

in pigs, embryos at later preimplantation developmental stages (day 6) were 

retrieved from SP-infused uterus (Martinez et al., 2019). In any case, as 

conceptus length is related to the elongation of extraembryonic tissues 

rather than to the growth of the ICM (Bolmberg et al., 2008), the greater 

conceptus length observed herein should not be directly attributed to better 

embryo development. Consequently, embryo gene expression for several 

developmental markers was then evaluated in this first work.  

Embryo gene expression was found to differ between groups, 

particularly in the expression of Calmodulin 1 (CALM1), Prostaglandin-

Endoperoxide Synthase 2 (PTGS2), Cbp/P300 Interacting Transactivator 

With Glu/Asp Rich Carboxyterminal (CITED1), Dihydrolipoamide 

Dehydrogenase (DLD), Heterogeneous Nuclear Ribonucleoprotein D Like 

(HNRNPDL) and Transforming Growth Factor Beta 3 (TGFB3). Most of the 

differences in gene expression between treatments were observed when 

comparing long filamentous conceptuses, rather than when looking into 

other embryo morphologies. Interestingly, expression levels of these genes 

differed between short and long conceptuses only in the control group, 

whereas these disparities were not detected in embryos recovered from SP-

primed uteri. All these findings suggest that the indirect regulation of 

specific signalling pathways in response to SP exposure only occurs in very 

advanced embryos, possibly because it is not until embryo hatching and 

implantation that uterine receptivity becomes crucial. Seminal factors have 

been widely reported to be able to modify uterine gene expression in 

species such as humans (Sharkey et al., 2012b; Chen et al., 2014), rodents 
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(Song et al., 2016), pigs (O’Leary et al., 2004; Martinez et al., 2019) and cattle 

(Elweza et al., 2018; Ibrahim et al., 2019; Recuero et al., 2020). Although 

many signalling pathways have been described to be influenced by seminal 

factors, those related to immune response, cell adhesion and development 

are of particular interest for the present work. Indeed, besides the 

remodelling of the uterine environment to promote implantation, the 

secretion of embryotrophic factors in response to seminal factors could also 

explain the positive effect of SP on embryo development in cattle 

(Schjenken and Robertson, 2020). Noticeably, this was previously reported 

in pigs, where SP was found to be able to up-regulate genes related to 

embryo development and pregnancy progression (Martinez et al., 2020).  

After characterising how SP was able to modulate in vivo embryo 

development, this Dissertation investigated whether SP biomolecules, in 

particular proteins (AKR1B1) and metabolites, could influence in vivo 

fertility outcomes. In both studies, the pig was chosen as the most 

appropriate animal model because of: i) the large SP volume retrieved from 

pig ejaculates compared to other mammalian species, such as humans, 

mice or even cattle; and ii) the physiological, anatomical and genomic 

similarities to humans (Archibald et al., 2010; Zigo et al., 2020). 

 As explained in detail in Section 5.1.1 of the Introduction, many 

efforts have been made towards the identification of SP proteins able to 

explain what drives reproductive success. One of those studies reported 

that the AKR1B1 present in SP could be a potential in vivo fertility biomarker 

in pigs (Pérez-Patiño et al., 2018). This protein is involved in the polyol 

pathway, catalysing the conversion of glucose into sorbitol (Avancini and 

Rossing, 2015), and the reduction of carbonyl-containing metabolic 

compounds, acting as a detoxification enzyme (Srivastava et al., 2005). 

Interestingly, it has been suggested to influence female and male 

reproductive events in several mammalian species, including humans 

(Bresson et al., 2011), cattle (Frenette et al., 2004; Girouard et al., 2009), rats 
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(Kobayashi et al., 2002), mice (Jagoe et al., 2013), sheep (Yang et al., 2019) 

and pigs (Steinhauser et al., 2016). Considering its relevance in reproductive 

physiology, the second work of Chapter 1 carried out an in-depth 

characterisation of AKR1B1 alongside the male reproductive tract and 

investigated the potential involvement of SP-AKR1B1 on sperm function and, 

consequently, in vivo fertility. To this end, three experiments were set: i) the 

determination of whether SP-AKR1B1 is present in ejaculate 

portions/fractions, assessed through enzyme-linked immunosorbent assay 

(ELISA); ii) the analysis of AKR1B1 expression in male reproductive organs 

through immunohistochemistry and immunoblotting assays; and iii) the 

evaluation of the relationship between SP-AKR1B1 levels and sperm quality 

(including sperm motility, viability and morphology) and functionality 

(including intracellular H2O2 production by viable sperm, and acrosome 

integrity and plasma membrane lipid disorder in viable sperm) parameters. 

 The porcine ejaculate is emitted in distinct fractions that differ in 

terms of sperm concentration and SP origin and composition: pre-ejaculate 

fraction, SRF and post-SRF. In addition, the SRF can in turn be divided into 

two distinct portions based on sperm concentration, SRF-P1 and SRF-P2. 

Briefly, the SRF-P1 contains most of the ejaculated sperm and its SP is 

essentially composed by epididymal secretions, whereas that of SRF-P2 

mainly originates from the epididymis and the prostate. Regarding the post-

SRF, the SP is mostly produced by seminal vesicles (Einarsson, 1971; 

Saravia et al., 2009; Rodriguez-Martinez et al., 2011). Interestingly for this 

work, ejaculate portions have been described to have different traits in 

terms of sperm physiology. For instance, sperm contained in the SRF-P1 

seem to hold the best traits (Sellés et al., 2001; Peña et al., 2003; Rodríguez-

Martínez et al., 2005; Saravia et al., 2009; Alkmin et al., 2014; Li et al., 2018). 

Taking these differences between ejaculate fractions/portions into account, 

the analysis of their composition can be used to estimate the physiological 

relevance of specific components for sperm functionality. For this reason, 

the first experiment of the second work of Chapter 1 aimed to determine the 
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concentration of SP-AKR1B1 in the different ejaculate fractions/portions. 

The results showed that AKR1B1 was present in the SP of all ejaculate 

fractions/portions, with a higher concentration of the protein in the SP of 

SRF-P2 and PSRF. This was further supported by the fact that AKR1B1 was 

detected, through immunoblotting and immunohistochemistry assays, in 

the testis, epididymis and all accessory sex glands, except the bulbourethral 

ones. These results were in agreement with observations in male rats, in 

which AKR activity was detected throughout the male reproductive tract, 

notwithstanding bulbourethral glands were not analysed (Kobayashi et al., 

2002; Iuchi et al., 2004). Furthermore, other studies conducted in cattle and 

pigs demonstrated the presence of AKR1B1 in seminal vesicles (Samuels et 

al., 1962; Westfalewicz et al., 2017). As the SRF-P1, which contains most of 

the ejaculated sperm, had lower amounts of AKR1B1, one could speculate 

that SP-AKR1B1 might not play an essential role in sperm physiology.  

 Based on the findings mentioned in the previous paragraph, the 

potential relationship between SP-AKR1B1 concentration in the entire 

ejaculate and sperm quality and functionality was investigated at 0 h and 

after 72 h of liquid storage at 17 ºC. Remarkably, no relationship between 

SP-AKR1B1 concentration and any of the sperm quality and functionality 

parameters assessed (i.e., sperm concentration, sperm with normal 

morphology, total and progressive motile sperm, viable sperm, viable 

sperm with high intracellular ROS, viable sperm with a damaged acrosome 

and viable sperm with high membrane lipid disorder), was observed at any 

of the timepoints. The main functions of AKR1B1 in male reproductive 

physiology reported thus far are related to epididymal sperm maturation in 

cattle (Frenette et al., 2003) and mice (Jagoe et al., 2013), and sperm 

capacitation in pigs (Katoh et al., 2014). In consideration of all these findings, 

particularly the lack of influence from SP-AKR1B1 on sperm quality and 

functionality parameters found in this work, together with the fact that the 

highest SP-AKR1B1 concentration was not found in the SRF-P1, it is 
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reasonable to surmise that SP-AKR1B1 does not play a major role on sperm 

physiology.  

The explanation for the positive relationship between SP-AKR1B1 

and in vivo fertility outcomes reported in pigs (Pérez-Patiño et al., 2018) 

could thus reside on the function of this protein in the female reproductive 

tract. Uterine AKR1B1 has been reported to act as a prostaglandin synthase, 

particularly enhancing the production of PGF2α and PGE2 in the 

endometrium of humans (Bresson et al., 2011), cattle (Madore et al., 2003) 

and pigs (Seo et al., 2014). Considering that pig semen is deposited into the 

cervix, it is reasonable to hypothesise that SP-AKR1B1 could join the uterine 

AKR1B1 enhancing PG production. Since PGF2α is a luteolytic factor 

(Jensen et al., 1987) and PGE2 is a pro-luteal factor (Niringiyumukiza et al., 

2018), it is likely that SP-AKR1B1 would preferentially boost the production 

of PGE2 to further promote embryo implantation and development. Yet, 

although this hypothesis could potentially explain the observed positive 

relationship with in vivo fertility, a direct effect of SP-AKR1B1 on embryo 

development should not be discarded if AKR1B1 from SP was transferred 

to sperm. Interestingly, bovine AKR1B1 has been reported to be associated 

to epididymal EVs (Frenette et al., 2006) and, in humans, seminal EVs have 

been found to contain AKR (Zhang et al., 2020). In pigs, however, whether 

this protein is also present in the cargo of seminal EVs and whether it is 

involved in fertilisation or embryo development were not previously 

interrogated. The implication of the AKR1B1 contained in sperm on oocyte 

fertilisation and embryo development was investigated in Chapter 2. 

Finally, the potential involvement of SP-metabolite composition on 

in vivo reproductive success was assessed in the third work of Chapter 1. 

The emergence of high-throughput technologies, including metabolomics, 

has favoured the characterisation of metabolites, the end-products of 

downstream events of cellular signalling pathways (Goodacre et al., 2004). 

In the last years, metabolites have been proposed as markers of patho- and 
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physiological reproductive processes. In particular, certain metabolites of 

SP were identified as (in)fertility biomarkers in several mammalian species, 

including humans (Hamamah et al., 1993; Qiao et al., 2017; Mumcu et al., 

2020; Xu et al., 2020), pigs (Zhang et al., 2021) and cattle (Kumar et al., 2015; 

Velho et al., 2018; Talluri et al., 2022). Particularly in pigs, Zhang et al. (2021) 

compared the SP metabolome profile between boars with high and low 

conception rates after AI using ultra-high performance LC-Q-TOF-MS, 

identifying some SP-metabolites (such as Pro-Asn, Ile-Tyr, and D-Biotin) as 

potential fertility biomarkers (Zhang et al., 2021). Yet, the work included in 

this Dissertation aimed to provide a wider picture of the effect of SP-

metabolites on in vivo fertility outcomes, including other parameters such 

as farrowing rate, litter size, stillbirths per litter and duration of gestation. 

Thus, the aim of the third work of Chapter 1 was to evaluate the relationship 

between SP-metabolites and reproductive success using NMR spectroscopy. 

Since this was a first steppingstone in the identification of potential in vivo 

fertility biomarkers in pig SP, an untargeted approach was followed. To this 

end, three ejaculates per boar were collected every four months, from which 

SP was separated for metabolomic analysis. In parallel, a total of 1,525 

weaned multiparous sows (1–7 litters produced) were inseminated 

throughout a year. Fertility outcomes were recorded for each AI-boar, 

including: (1) farrowing rate (percentage of inseminated sows that 

farrowed), (2) litter size (total number of piglets born per litter), (3) number 

of stillbirths per litter, and (4) duration of pregnancy (days). A model 

described by Broekhuijse et al. (2012) was used to isolate the direct boar 

effect on each in vivo fertility parameter (Broekhuijse et al., 2012). Finally, 

boars were divided into two groups (above- and below- the median) for 

each of these parameters before statistical analysis.  

The work led to the identification and quantification of 24 

metabolites in pig SP, mainly categorised into amino acids, alcohols, 

saccharides, salts and other organic compounds (including carnitine, 

creatine, creatine-phosphate, hypotaurine, myo-inositol, sn-glycero-3-
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phosphocholine and trimethylamine N-oxide). All the identified metabolites 

were present in samples, so that no qualitative differences between boars 

were observed. Following this, the relationship between the levels of 

specific metabolites and in vivo fertility parameters was investigated. The 

main findings were: i) the concentration of lactate in SP was related to 

farrowing rates; ii) concentrations of carnitine, hypotaurine, sn-glycero-3-

phosphocholine, glutamate and glucose in SP were associated with litter 

sizes; iii) concentrations of citrate, creatine, malonate, phenylalanine and 

tyrosine in SP were related to stillbirths per litter; and iv) concentrations of 

malonate and fumarate in SP were associated to the duration of gestation. 

In addition, their potential as biomarkers was tested through ROC analysis. 

Interestingly, the previous literature from the SP metabolites identified as 

potential in vivo fertility biomarkers suggested most of them were able to 

influence sperm physiology in terms of sperm metabolism, sperm motility 

or sperm capacitation. Only the most relevant relationships are discussed 

below.  

Regarding sperm metabolism, lactate was found to negatively 

correlate with farrowing rate, meaning that the highest lactate 

concentrations in SP were found in samples from boars with a negative 

farrowing rate deviation. Lactate is one of the main non-monosaccharide 

substrates used by cells for energy production. In particular, sperm from 

several mammalian species, including bulls (Menezes et al., 2019), stallions 

(Darr et al., 2016), men (Rodriguez-Gil, 2006) and boars (Rodriguez-Gil, 2006; 

Paventi et al., 2015) are known to be able to use lactate as an energy source. 

Particularly in pigs, sperm have been reported to metabolise lactate via 

lactate dehydrogenase (LDH; Medrano et al., 2006). This, together with the 

findings presented here would point out that boars classified as having a 

positive farrowing rate deviation could better metabolise lactate for energy 

production, thereby leading to lower SP-lactate concentration. On the other 

hand, concerning glucose, results showed that glucose concentrations were 

lower in the SP of boars with an increased litter size deviation than in that 
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of boars with a decreased litter size. Glucose is one of the main 

monosaccharides used by mammalian sperm for energy production 

(Albarracín et al., 2004; Rodriguez-Gil, 2006). The most feasible explanation 

for such a finding would be that sperm of boars with a reduced litter size 

would consume less glucose from their SP; thus, glucose would 

extracellularly accumulate and would not be used for energy production. 

These data would suggest an influence of sperm metabolism on 

reproductive success. Moreover, because when conducting this study, it 

was still unclear which metabolic pathway is preferentially used by pig 

sperm (Miki et al., 2004; Nesci et al., 2020), this was further addressed in 

Chapter 2. 

Metabolites such as carnitine, sn-glycero-3-phosphocholine, 

creatine and phenylalanine are also of particular interest for this 

Dissertation. Particularly, while carnitine and sn-glycero-3-phosphocholine 

were found to be positively related to litter size, creatine and phenylalanine 

were seen to be negatively related to stillbirths per litter. Interestingly, these 

metabolites have been reported to regulate sperm physiology. For instance, 

both carnitine (Jeulin and Lewin, 1996; Chavoshi Nezhad et al., 2021) and 

creatine (Umehara et al., 2018; Nasrallah et al., 2020) are known to positively 

influence sperm motility and viability, which ultimately translates into 

improved seminal characteristics (Kozink et al., 2004; Yeste et al., 2010). On 

the other hand, sn-glycero-3-phosphocholine (Zanetti et al., 2010) and 

phenylalanine (Houston et al., 2015) have been described to modulate 

sperm capacitation and the acrosome reaction, essential processes for 

oocyte fertilisation. Thus, their implication in particular traits of sperm 

function is likely to explain why they influence fertility outcomes positively.  

Although the literature indicates that these SP metabolites mainly 

exert an effect on sperm, a role in shaping the female environment cannot 

be precluded. Indeed, one could hypothesise that they could potentially 

account for the activation of the female immune response or even the 
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secretion of embryotrophic/embryotoxic factors. In effect, to the best of the 

author’s knowledge, most of the efforts made to identify female tract 

modulators have been directed to SP proteins. In view of the relationship 

between SP metabolites and in vivo fertility outcomes, future studies should 

also address whether specific metabolites contained in the SP interact and 

modulate the female reproductive system. 

 In summary, the results presented here indicate that SP has an 

impact on embryo development, probably through the regulation of both 

the uterine environment and sperm physiology (Figure 5). Certainly, the 

present Chapter determined that the molecular mechanisms underlying the 

function of SP on sperm and the female reproductive tract probably involve 

proteins, such as AKR1B1, and metabolites. Yet, the exact pathways via 

which they might be conditioning fertility, some of them hypothesised in 

this Dissertation, remain unknown and should be interrogated in the future. 

Figure 5. Seminal plasma (SP) in vivo fertility modulatory mechanisms. Schematic 

representation of the main findings of Chapter 1 of the present Dissertation. Created 

with BioRender. 
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Discussion 
Sperm have traditionally been considered as a simple vector for DNA 

transfer to the oocyte, capable of influencing the progeny phenotype 

through the delivery of their genetic material. A broader vision, 

nevertheless, is now accepted, as other factors have been identified as 

crucial for both oocyte fertilisation and embryo development. Particularly, 

not only has the molecular composition, primarily in terms of proteome and 

transcriptome, been identified as relevant (Agarwal et al., 2020; Indriastuti 

et al., 2022), but also DNA integrity and epigenetic marks (Erenpreiss et al., 

2006; Stuppia et al., 2015; Kumaresan et al., 2020). Likewise, sperm have 

been reported to modulate the uterine environment, although the molecular 

mechanisms remain undefined (Schjenken et al., 2021). The second Chapter 

of the present Dissertation, therefore, investigated the relevance of sperm 

molecular factors, in terms of protein and metabolite content and DNA integrity, 

for oocyte fertilisation and embryo development. For this purpose, in vitro 

approaches involving oocyte IVF and IVC were carried out to address the 

role of these factors. 

The animal model chosen for the three studies included in this 

Chapter was the pig. From a reproductive point of view, pigs are considered 

to be much closer to humans in pre-gastrulation development than other 

species, such as rodents (Liu et al., 2021). In particular, both humans and 

pigs embryos share: i) a lengthened preimplantation embryo development; 

ii) a flat bilaminar disc organisation rather than a cup-shaped epithelium; 

and iii) regulatory mechanisms for early lineage segregation, pluripotency 

regulation, primordial germ cell specification, and X-inactivation 

(Kobayashi et al., 2017; Ramos-Ibeas et al., 2019). It should be noted that, 

unlike humans, ungulates late blastocysts undergo an elongation process 

(Bolmberg et al., 2008). Considering that elongation cannot be replicated in 

vitro and that embryo development was evaluated up to hatching 
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blastocysts in vitro, this difference is irrelevant for the purpose of the studies 

included in this Dissertation.  

The first work included in Chapter 2 intended to elucidate whether the 

AKR1B1 present in ejaculated sperm affected their physiology as well as 

fertilisation and subsequent embryo development. Despite the fact that the 

AKR1B1 present in SP was previously found to be positively related to in 

vivo fertility outcomes (Pérez-Patiño et al., 2018), the results from the 

second work of Chapter 1 showed that this relationship could not be 

explained by an effect on sperm function, as no relationship between SP-

AKR1B1 and sperm quality and functionality parameters was observed. For 

this reason, the first work of Chapter 2 aimed to clarify whether SP-AKR1B1 

could be transferred to sperm and, as such, could influence the reproductive 

success. For this purpose, three experiments were carried out: i) epididymal 

and ejaculated sperm AKR1B1 content was assessed using Western Blot; ii) 

the relationship between ejaculated sperm AKR1B1 levels and sperm 

quality (sperm motility, morphology and viability) and functionality 

(acrosome integrity, mitochondrial membrane potential and intracellular 

calcium) parameters was evaluated immediately after semen arrival to the 

laboratory and after 72 h of liquid storage; and, iii) the relationship between 

ejaculated sperm AKR1B1 levels and IVF outcomes was analysed.  

 Aldose reductase activity was previously observed in ejaculated 

sperm from equine (Gaitskell-Phillips et al., 2021), bovine (Frenette et al., 

2003, 2004) and porcine species (Katoh et al., 2014). In the present work, a 

specific double-band pattern at 36 kDa and ~80 kDa in both ejaculated and 

epididymal sperm lysates was detected. In fact, this double-band pattern 

was also seen in Chapter 1, specifically in the testis, epididymis, prostate 

and seminal vesicles. Interestingly, this AKR1B1 double-band pattern was 

also identified in ovine thymus and spleen (Yang et al., 2018, 2019) and in 

bovine peripheral blood mononuclear cells (Yang et al., 2016). As the 

molecular weight of the AKR1B1 monomer is 36 kDa, the ~80 kDa band 
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could be a dimeric form of AKR1B1. In fact, other members of the AKR 

superfamily, such as xylose reductase or AKR7, need to dimerise to become 

active (Kavanagh et al., 2002; Kozma et al., 2002; Klimacek et al., 2003; Barski 

et al., 2008). This hypothesis was nevertheless discarded through 

denaturation experiments with urea. Thus, the ~80 kDa band could 

correspond to a covalent union between AKR1B1 and other molecules. In 

spite of this, because the two bands were confirmed to be specific after a 

blocking peptide assay, the following analysis envisaged 36/~80 kDa and 36 

kDa/total ratios as a measurement of the putative activation state of 

AKR1B1. 

 This study also sought to investigate the potential transference of 

AKR1B1 from SP to sperm, as proposed in Chapter 1. This hypothesis was 

based on the findings reported in bovine, as : i) AKR1B1 had been described 

to be involved in sperm epididymal maturation (Frenette et al., 2003); and 

ii) AKR1B1 had been found to be contained in epididymosomes (Frenette et 

al., 2006). To this end, relative levels of AKR1B1 were first compared 

between caudal epidydimal and ejaculated sperm, but no differences were 

observed. These results would rule out the potential transfer of SP-AKR1B1 

to sperm upon ejaculation, so the positive influence of SP-AKR1B1 on in 

vivo fertility parameters would involve other mechanisms, such as the 

prostaglandin synthase activity of this protein. Given its relationship with 

fertility, SP-AKR1B1 could enhance the PGE2 production in the uterus. 

Related to this, and besides its modulatory role on CL, PGE2 has been 

proposed to disassembly the extracellular matrix of cumulus cells, aiding 

sperm penetration (Niringiyumukiza et al., 2018). While this should be 

further analysed, the presumed enzymatic function of SP-AKR1B1 may 

certainly hold the key to its role on fertility.  

Although the results of the second work of Chapter 1 showed that 

SP-AKR1B1 did not affect sperm physiology, AKR activity is understood to 

regulate capacitation in pigs (Katoh et al., 2014). In the present work, high 
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levels of the 36 kDa-band in sperm lysates were found to be strongly 

correlated to low intracellular calcium levels and several kinetic parameters. 

Calcium is involved in multiple signalling pathways like those governing 

sperm motility. In fact, an increase in intracellular calcium is required for 

mammalian sperm to switch to hyperactive movement (Ho and Suarez, 

2001). This potential influence of AKR on sperm motility was previously 

proposed to occur not only during epidydimal maturation in cattle (Frenette 

et al., 2003) and mice (Jagoe et al., 2013), but also during sperm capacitation 

in pigs (Katoh et al., 2014). In effect, AKR activity in pig was found to regulate 

the switch from progressive to hyperactivated movement during 

capacitation (Katoh et al., 2014). Although the present study did not find any 

relationship between the AKR1B1 contained in sperm and acrosome 

integrity, a potential involvement of AKR1B1 isoform during capacitation, 

which could entail better fertility outcomes, should be further explored 

under capacitating conditions.  

The relationship between sperm AKR1B1 levels and in vitro 

fertilising ability was next investigated. Interestingly, the results showed 

that increased levels of the 36 kDa band in sperm lysates were negatively 

related to fertilisation rate at day 2 and to the percentage of total embryos 

at day 6 post-fertilisation. The explanation for such findings could reside in 

the activation state of the protein, mentioned above. In particular, the 36 

kDa band could be considered as the inactive form of AKR1B1. Bearing in 

mind this possibility, it is thus reasonable to conjecture that higher levels of 

the active form of AKR1B1 in sperm (potentially the ~80 kDa band) could 

promote a switch to hyperactived motility during capacitation, which could 

in turn facilitate the penetration of oocyte vestments (Morales et al., 1988; 

Stauss et al., 1995).  

All these findings would, in short, confirm the previously reported 

positive influence of sperm AKR1B1 on the reproductive success, acting 

both directly in the fertilisation process and indirectly via modulating the 
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uterine environment. Regarding the first, future studies should address the 

exact molecular mechanisms through which this would occur. For instance, 

as AKR1B1 is a detoxifying enzyme (Iuchi et al., 2004; Barski et al., 2008; 

Jagoe et al., 2013), it could exert its effect on sperm physiology through the 

regulation of intracellular ROS levels. Against low levels of the AKR1B1 

active form, excessive ROS could cause lipid peroxidation, apoptosis-like 

events and DNA damage (Agarwal et al., 2008), resulting in fertilisation 

failure and impaired embryo development. How sperm DNA damage could 

influence oocyte fertilisation and embryo development in pigs is later 

discussed in the present Chapter. On the other hand, AKR is crucial in the 

polyol pathway for fructose production (Frenette et al., 2004, 2006; Jagoe et 

al., 2013), which could have an implication on the metabolism of pig sperm 

and, therefore, on their function and fertilising ability. It is, however, likely 

that both mechanisms are required for an optimal sperm function. 

The second work included in Chapter 2 sought to determine whether 

sperm metabolism could affect oocyte fertilisation and preimplantation embryo 

development. This hypothesis arose from two facts: i) the metabolite 

composition of SP has been proven to influence male fertility in mammals 

(Mehrparavar et al., 2019); ii) the results presented in Chapter 1 indicate that 

energy-related metabolites, including glucose and lactate, are related to in 

vivo fertility outcomes. The repercussion of sperm bioenergetics on oocyte 

fertilisation and embryo development was, therefore, further investigated 

herein. With this aim, a targeted metabolomics approach was followed to 

quantify sperm intracellular metabolites related to glycolysis, ketogenesis, 

polycarboxylic acids cycle and oxidative phosphorylation (Oxphos) 

detected through LC-MS/MS. The relationship between these metabolites 

and sperm quality (sperm motility, morphology and viability) and 

functionality (acrosome integrity, mitochondrial membrane potential and 

intracellular calcium) parameters and IVF outcomes was then analysed.  
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Throughout their lifespan, not only does the metabolism of sperm 

adapt to the surrounding biological fluids (including SP, and uterine and 

oviductal fluids), but catabolic requirements also rely upon a wide range of 

functions, such as capacitation and oocyte penetration (Ferramosca and 

Zara, 2014). Consequently, sperm use different metabolic pathways, 

including glycolysis and Oxphos, but the preferred pathway seems to 

depend on the species (Storey, 2008; Rodríguez-Gil, 2013). For instance, 

while glycolysis appears to be the preferred energetic pathway in humans 

and rodents (Miki et al., 2004; Cummins, 2009), Oxphos is suggested to be 

predominant in horses (Moraes and Meyers, 2018), and a balance between 

both is seen in cattle (Losano et al., 2017). In the case of pigs, discrepancies 

in the metabolic pathway mainly used by sperm have been reported (Miki 

et al., 2004; Nesci et al., 2020), perhaps because of differences in the 

composition of semen preservation media. Accordingly, the second work of 

this Chapter first aimed to elucidate the preferred catabolic pathway used 

by pig sperm. The results supported that glycolysis can be regarded as the 

main catabolic pathway used by non-capacitated pig sperm because: i) 

lactate was identified in all sperm lysates; and ii) no strong positive 

associations between sperm physiology and Krebs cycle intermediate 

metabolites were detected. This finding would be supported by several 

additional ones. First, porcine sperm contain a specific LDH isozyme (Jones, 

1997) and are able to catabolise glucose into lactate (Marin et al., 2003). 

Secondly, porcine sperm have mitochondria with practically invisible inner 

membrane crests (Rodríguez-Gil and Bonet, 2016) that, in addition, are less 

prominent than their horse counterparts (whose metabolism is known to be 

mainly oxidative) (Leung et al., 2021). Finally, the results presented in 

Chapter 1 suggested that higher lactate consumption is associated to higher 

farrowing rates. Remarkably, the energy production strategy of pig sperm 

resembles to that of humans (Cummins, 2009), which would make pigs a 

suitable animal model to further investigate the influence of metabolism on 

sperm physiology. 
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Although the sperm metabolomic profile is known to affect in vivo 

fertility outcomes in mammals (Mehrparavar et al., 2019), the exact way 

through which it might affect fertility is yet to be uncovered. Hence, the next 

step of this work was to analyse the potential influence of sperm 

metabolism on its function and IVF outcomes. First, the identification of a 

positive relationship between semen quality indicators and lactate and 

citrate further confirmed that sperm from high-quality samples (high sperm 

motility and viability, and low incidence of morphological abnormalities) 

preferably use glycolysis as their energy source. These results are similar to 

those reported in cattle (Goodson et al., 2012), mice (Miki et al., 2004; Odet 

et al., 2008; Danshina et al., 2010) and humans (Peterson and Fretjnd, 1970; 

Williams and Ford, 2001), where glycolysis was strongly related to sperm 

viability and motility. In addition, data also showed a positive association 

between Oxphos intermediates and intracellular calcium levels, which 

increase from the first events of capacitation (Breitbart, 2002), as detailed in 

Section 2.1 of the Introduction. Since capacitation should not be induced in 

non-capacitating extenders, high levels of intracellular calcium in sperm 

could be considered as an indicator of poor-quality sperm. This would 

further corroborate that glycolysis rather than Oxphos is related with the 

best sperm quality traits. On the other hand, the association between 

intracellular calcium levels and Oxphos metabolites might suggest a 

different metabolism during capacitation. In fact, a metabolism switch 

during capacitation has already been observed in rodents (Tourmente et al., 

2022). Moreover, increased mitochondrial activity during capacitation and 

acrosome reaction has been observed in pigs (Ramió-Lluch et al., 2011). Yet, 

a characterisation of sperm metabolism under capacitating conditions 

should be carried out to elucidate whether this metabolic switch also occurs 

in pigs.   

 As detailed in Section 5.1.2 of the Introduction, several metabolomic 

studies identified specific SP and sperm metabolites as fertility biomarkers 

in humans (Hamamah et al., 1993; Qiao et al., 2017; Mehrparavar et al., 2019; 
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Mumcu et al., 2020; Xu et al., 2020), pigs (Zhang et al., 2021) and cattle 

(Kumar et al., 2015; Velho et al., 2018; Menezes et al., 2019; Talluri et al., 

2022). The relationship between these metabolites and fertility could arise 

from: (i) the modulation of the maternal reproductive tract, (ii) the regulation 

of sperm functionality in physiological events such as capacitation, and (iii) 

an effect on fertilisation and embryo development. From these, only the 

relationship between sperm function and metabolites has been explored in 

humans (Wang et al., 2019), pigs (Mateo-Otero et al., 2021) and goats (Jia 

et al., 2021). For this reason, the second aim of this work attempted to assess 

the relationship between sperm metabolites, primarily those related to 

metabolism, and IVF outcomes. 

 Results showed a positive relationship between fertilisation rate 

evaluated at day 2 and Oxphos intermediates, and a strong positive 

association between the total number of embryos at day 6 and glycolysis 

intermediates. This could mean that, while sperm preferably using Oxphos 

have greater ability to fertilise an oocyte, oocytes fertilised by sperm 

preferably using glycolysis are able to develop up to day 6. This hypothesis 

would be supported by the fact that the developmental competency of 

fertilised oocytes was found to be positively associated to glycolysis-related 

metabolites. This apparent disparity between day 2 and day 6 outcomes 

could be explained by ROS, as sperm with high mitochondrial activity, 

which is directly related to Oxphos, would also have higher levels of ROS. 

As explained above, excessive ROS amounts are known to compromise 

normal sperm function through lipid peroxidation, motility reduction, 

apoptosis-like changes and even DNA damage (Agarwal et al., 2008). 

Focusing on the latter, sperm DNA damage is considered to compromise 

both in vivo and in vitro fertility outcomes (explained in detail in Section 5.2. 

of the Introduction). Thus, the data collected in the present work would 

indicate that excessive Oxphos activity could result in greater sperm DNA 

damage, which could lead to early embryonic arrest. Accordingly, oocytes 

fertilised by sperm using mainly glycolysis would be able to progress to late 
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preimplantation embryo stages. How DNA damage might be conditioning 

oocyte fertilisation and embryo development was addressed in the last 

work included in Chapter 2 and is discussed hereunder. 

 Sperm DNA damage has different aetiologies and may lead to 

different reproductive consequences in humans (Ribas-Maynou and Benet, 

2019). For instance, while some authors reported a negative relationship 

between DNA fragmentation and fertility (Evenson and Wixon, 2006; Simon 

et al., 2017), others did not observe such an association (Collins et al., 2008; 

Zhang et al., 2015). These apparent inconsistencies have prevented from 

reaching a consensus on the suitability of including sperm DNA evaluation 

into semen routine analysis (Barratt et al., 2010; Jarow et al., 2010; Practice 

Committee of the American Society for Reproductive Medicine, 2015; Colpi 

et al., 2018; Schlegel et al., 2021). Another drawback is the absence of cut-

off values for its clinical implementation, as separate techniques with 

different molecular basis are being currently used; the most employed 

methods are TUNEL, SCSA, SCF and the Comet assay (Ribas-Maynou and 

Benet, 2019; Agarwal et al., 2020a). While the first three are highly 

standardised, they cannot distinguish between single- and double-strand 

DNA breaks, which have been reported to have different impact on the 

reproductive success in humans (Agarwal et al., 2020a). Conversely, the 

Comet assay can be performed under alkaline or neutral pH to specifically 

analyse the whole amount of DNA breaks or only the double-strand ones, 

respectively (Ribas-Maynou and Benet, 2019).  

On the other hand, in livestock, only a few authors have addressed 

the impact of sperm DNA breaks on fertility outcomes (Kumaresan et al., 

2020). Particularly in pigs, although it has been reported that global DNA 

damage affects farrowing rates (Didion et al., 2009) and litter sizes (Boe-

Hansen et al., 2008; Myromslien et al., 2019), no study has investigated the 

mechanisms underlying these observations. Bearing these considerations 

in mind, the last work included in Chapter 2 intended to explore whether and 
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how single- and double-strand DNA breaks influence oocyte fertilisation in pigs. 

To this end, sperm DNA damage was evaluated using the Comet assay, and 

sperm quality parameters (sperm motility, morphology and viability) and 

IVF outcomes were determined. In addition, the predictive value of DNA 

damage assessment with regard to in vitro fertility was also analysed 

through ROC analysis.  

A positive relationship between the incidence of global DNA breaks 

and sperm motility (specifically progressive motility and several kinetic 

parameters) was observed in the present work. This result is in line with a 

previous report in pigs, in which the log-transformed DNA fragmentation 

index assessed by SCSA was noticed to be negatively correlated with sperm 

motility (Myromslien et al., 2019). This relationship was also observed in 

humans, as the incidence of global sperm DNA damage was determined to 

be negatively correlated with low sperm motility (Simon et al., 2011; Peluso 

et al., 2013; Belloc et al., 2014). On the other hand, the present work also 

found a positive relationship between global, single-strand and double-

strand DNA breaks and the percentage of non-viable sperm. These results 

would be in accordance to those previously reported in humans, where a 

strong negative correlation between DNA fragmentation and sperm viability 

was identified (Samplaski et al., 2015). From these findings, it could be 

presumed that a high incidence of sperm DNA breaks occurs together with 

impaired sperm functionality, which could also result in decreased oocyte 

fertilising ability. Interestingly, data recorded in the present work did not 

support this hypothesis, as no relationship between DNA damage and 

fertilisation rate was noticed. Yet, both global and single-strand DNA breaks 

were established to negatively influence the number of embryos obtained 

at day 6. It, therefore, seems that while DNA damage does not compromise 

sperm fertilising competence, embryo development is impaired when levels 

of sperm DNA damage are high. This would be in agreement with previous 

studies in cattle (Fatehi et al., 2006) and humans (Tomlinson et al., 2001; 

Greco et al., 2005). In addition, when specific in vitro preimplantation 
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developmental stages were analysed separately, not only did global and 

double-strand DNA breaks negatively affect the percentage of early 

blastocysts/blastocysts and the percentage of hatching/hatched blastocysts, 

but also double-strand DNA breaks had a negative influence on the 

developmental potential of morulae. Similarly, an impairment of embryo 

developmental kinetics, reduced implantation rates and even miscarriage 

within the first trimester in embryos resulting from sperm containing 

double-strand DNA breaks were previously reported in humans, mice, cattle 

and goats (Ribas-Maynou et al., 2012; Gawecka et al., 2013; Scott et al., 2013; 

Simões et al., 2013; Casanovas et al., 2019). In fact, in agreement with the 

present study, single strand-breaks are not associated to embryo alterations 

in humans (Casanovas et al., 2019). 

The early embryonic developmental arrest observed in the present 

work could have several explanations. First, under normal circumstances, 

paternal and maternal pronuclei initiate DNA replication simultaneously. In 

response to DNA damage, nevertheless, the male pronucleus is known to 

experience a delay in the onset of replication by up to 12 h, compared to the 

female pronucleus in mice (Gawecka et al., 2013). This non-apoptotic 

mechanism has also been observed to cause a delay in the progression to 

two-cell stage and even result in embryonic arrest before the morula stage 

(Gawecka et al., 2013), possibly because the degree of DNA damage 

exceeds the oocyte repair capacity. Another explanation would be that 

double-strand DNA breaks in sperm could result in chromosome 

aberrations, leading to both cellular apoptosis and embryo developmental 

arrest (Tusell et al., 1995; Alvarez et al., 1997; Scott et al., 2013). Remarkably, 

this would be supported by the fact that the negative repercussion of sperm 

DNA damage on embryo development is more obvious beyond the morula 

stage, as it is not until that stage that chromosome aberrations might be 

detected at G1/S and G2/M checkpoints (Toyoshima, 2009). This would 

concur with previous research reporting that chromosome aberrations 



Chapter 2 
Sperm factors on fertilisation and embryo development 

190 

 

trigger morula/blastocyst arrest and apoptosis in the ICM (Adiga et al., 

2007). 

As already proposed by Khokhlova et al. (2020), zygotes bearing 

DNA damage have three main fates depending on the extent of the damage 

and their ability to repair it: i) mild DNA damage (possibly single-strand 

breaks) that can be repaired, which results in healthy offspring; ii) mild DNA 

damage that cannot be repaired, which potentially compromises progeny 

health; and iii) extensive DNA damage that cannot be repaired, which would 

lead to embryo failure to develop and implant (Khokhlova et al., 2020). Yet, 

the molecular mechanisms underlying DNA damage repair are less 

investigated in embryos compared to other cell types. Elucidating these 

mechanisms would thus help to better understand how embryonic arrest is 

induced. 

Finally, this work confirmed that the inclusion of the Comet assay 

into the conventional semen quality assessment could improve the 

prediction of blastocyst development at day 6, but not that of cleavage rates 

at day 2. While this is the first report quantifying the benefit of including the 

Comet assay in the routine semen analysis in farm animals, previous 

studies in pigs (Boe-Hansen et al., 2005; Didion et al., 2009; Myromslien et 

al., 2019) and cattle (Januskauskas et al., 2001; Karoui et al., 2012; Dogan et 

al., 2015; Kumaresan et al., 2017) already traced the clinical significance of 

other sperm DNA fragmentation assays. Thus, the present work joins the 

advice already given in a recent study in humans indicating that routine 

testing of sperm DNA integrity improves the prediction of ART success 

(Ribas-Maynou et al., 2021). 

In summary, the present Chapter showed that the sperm AKR1B1 

activation state, sperm metabolism and sperm DNA integrity directly or 

indirectly impact oocyte fertilisation and, even, embryo development 

(Figure 6). In more detail, the effect of both AKR1B1 and sperm metabolism 

on fertility was postulated to be explained by ROS production. ROS have 
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been demonstrated to directly impair embryo genome activation, which 

causes developmental arrest and, eventually, cell death (Deluao et al., 2022). 

Yet, another indirect mechanism by which ROS could affect embryo 

development would be the induction of DNA damage (Bui et al., 2018). 

Further studies should thus clarify whether low levels of AKR1B1 and/or 

Oxphos are related to high ROS levels, and which their direct and indirect 

implications on embryo development are.  

 

Figure 6. Sperm factors influence on in vitro fertility outcomes. Schematic 

representation of the main findings of the present Chapter. Created with BioRender. 
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Mammalian reproductive biology has traditionally been focused on the 

study of gamete interaction. Progressively, many additional factors have 

been established to affect the reproductive success, involving both the 

female and male sides. Consequently, in the last decades, several efforts 

have been made towards the identification and quantification of their 

specific impact on fertility.  

Although paternal factors have been demonstrated to have a direct 

influence on reproductive physiology and progeny in mammalian species 

(Parinaud et al., 1993; Bromfield et al., 2014; Morgan et al., 2019), the 

underlying molecular mechanisms by which these components can shape 

the process have not been fully characterised. For many years, the paternal 

genome carried by male gametes was purported to explain this influence. 

In the last decades, however, different studies have reported a biological 

contribution of seminal factors further beyond the sperm genome. In 

particular, mounting evidence supports the idea that the male contribution 

to fertility success is determined by seminal factors carried by both SP and 

sperm (Colaco and Sakkas, 2018; Vallet-Buisan et al., 2023). Indeed, seminal 

factors seem to be able to modulate a wide range of reproductive process, 

involving those related to both male and female physiology, which 

ultimately have an impact on fertilisation and embryo development 

(Schjenken and Robertson, 2020). Because the molecular mechanisms 

underlying this contribution are largely unknown, the overall objective of 

the present Dissertation was to elucidate the contribution of SP and sperm 

to reproductive outcomes, using cattle and pigs as animal models. 

Seminal factors have been reported to be able not only to affect 

sperm functioning but also to interact and regulate the female reproductive 

tract. Focusing on the latter, seminal factors are known to: i) trigger the 

uterine inflammatory response in mice (Robertson et al., 1996; Tremellen et 

al., 1998), humans (Sharkey et al., 2012b, 2012a), cows (Ibrahim et al., 2019), 

horses (Troedsson et al., 2001), sheep (Scott et al., 2006) and pigs (O’Leary 
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et al., 2006); ii) modulate the ovarian function in induced (Adams and Ratto, 

2013) and non-induced (Gangnuss et al., 2004; O’Leary et al., 2006; Bogle et 

al., 2011; Tanco et al., 2012) ovulatory species; and iii) elicit the secretion of 

embryotropic factors by the uterus and oviduct in mice (Robertson et al., 

1992; Bromfield et al., 2014), pigs (O’Leary et al., 2004) and cattle (Loureiro 

et al., 2009). Taking all these aspects into account, the present Dissertation 

firstly investigated whether uterine priming with SP regulates the 

development of in vitro produced embryos in cattle (Paper I). The data 

presented here demonstrated that uterine exposure to SP is able to improve 

embryo development, in line with the results observed in other species such 

as pigs (Martinez et al., 2019), mice (Bromfield et al., 2014) and humans 

(Tremellen et al., 2000). Several explanations for the exact mechanisms by 

which SP positively influences embryo development have been proposed. 

Focusing on cattle, SP has been found to induce the expression of 

endometrial inflammatory mediators (Ibrahim et al., 2019), which would 

result in leukocytic recruitment to prepare the uterine environment for a 

successful implantation and to further support pregnancy. In addition, the 

secretion of embryotropic factors by the endometrium in response to 

seminal factors (Schjenken and Robertson, 2020) could also explain the 

beneficial effect of SP on embryo development. On the other hand, although 

SP from induced ovulatory species has been found to modulate cattle 

ovarian physiology (Tanco et al., 2012), this did not seem to occur in this 

work. The absence of differences in the CL size between groups suggests 

that bovine SP does not modulate ovarian function, in a similar fashion to 

that observed in mice (Gangnuss et al., 2004). It is noteworthy that the 

present Dissertation identified a potentially new SP modulatory capacity, 

particularly through the synthesis of specific PG by the AKR1B1 present in 

SP. The lack of relationship between SP-AKR1B1 and sperm function 

parameters, together with the fact that the highest levels of the protein were 

found in SRF-P2 and post-SRF (Paper II) indicate that the positive influence 

of this protein on fertility (Pérez-Patiño et al., 2018) would be related to its 
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effects on the female reproductive tract. Interestingly, the AKR1B1 secreted 

by the endometrium was previously reported to act as a prostaglandin 

synthase in humans (Bresson et al., 2011), cattle (Madore et al., 2003) and 

pigs (Seo et al., 2014), influencing the production of pro-luteolytic and pro-

luteal factors PGF2α and PGE2, respectively (Bresson et al., 2012). It is 

therefore plausible that the AKR1B1 present in SP joins uterine AKR1B1 

upon ejaculation, potentially enhancing PGE2 production for improved 

fertility outcomes. Yet, as no increase in CL size was observed in the study 

carried out in bovine (Paper I) after either 7 or 14 days of SP deposition, how 

AKR1B1 modulates fertility in cattle should be analysed in further studies. 

In any case, these findings indicate that SP-molecules could be able to join 

female enzymes to enhance the production of several modulatory 

molecules, which would be likely to regulate the uterine environment and 

even oocyte fertilisation and embryo development. This should be further 

investigated to achieve a more comprehensive perspective of the influence 

of SP on fertility. 

As briefly mentioned above, the modulation of fertility by seminal 

factors could also entail sperm physiology regulation. In this Dissertation, 

the effect of molecules contained in both sperm and SP on sperm function 

was investigated by analysing proteins, particularly AKR1B1 (Paper II and 

IV), and metabolites (Paper III and V). Regarding the former, the AKR1B1 

contained in SP was seen to not influence sperm function (Paper II), 

suggesting that it could affect fertility outcomes through other mechanisms. 

For instance, one could hypothesise that the positive influence of SP-

AKR1B1 on fertility outcomes would first imply a transference to sperm 

upon ejaculation. In spite of this, no differences in AKR1B1 levels were 

observed between epididymal and ejaculated sperm (Paper IV). Collectively, 

the results from these two works suggest that the positive impact of SP-

AKR1B1 on fertility relies upon the modulation of the female reproductive 

tract rather than sperm physiology. Additionally, this Dissertation 

subsequently evaluated the link between the activation state of AKR1B1 and 
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sperm functionality and fertilisation ability (Paper IV). Interestingly, a 

relationship between sperm AKR1B1 levels and in vitro oocyte fertilisation 

and embryo development in pigs was found. One could posit two 

explanations for such observations. First, the AKR1B1 present in ejaculated 

sperm could be able to modulate sperm fertilising ability, probably via 

regulating sperm capacitation (Katoh et al., 2014). Yet, considering AKR1B1 

has been described to act as a detoxifying enzyme via the reduction of 

carbonyl-containing metabolic compounds (Iuchi et al., 2004; Barski et al., 

2008; Jagoe et al., 2013), another possibility could be that higher AKR1B1 

activation leads to lower ROS levels.  

The results from the untargeted metabolomic analysis of SP 

suggested that SP metabolites might influence in vivo fertility outcomes 

probably through the modulation of multiple reproductive events (Paper III). 

In effect, metabolites related not only to specific traits of sperm physiology, 

such as motility, capacitation or acrosome integrity, but also to cell 

metabolism, were identified as potential in vivo fertility biomarkers. 

Focusing on the latter, as reduced levels of glucose and lactate in SP were 

found to be positively associated to better reproductive outcomes, the 

involvement of sperm metabolism on the reproductive success was, 

therefore, further explored in this Dissertation. Data suggested that sperm 

metabolism influences fertility outcomes in terms of both in vitro oocyte 

fertilisation and early embryo development (Paper V). In particular, sperm 

that preferably use glycolysis as the main catabolic pathway were noticed 

to produce more embryos at later developmental stages. Although an 

explanation for these findings would be related to the modulation of sperm 

functioning, another possibility would entail oxidative stress, as higher 

mitochondrial activity would result in increased ROS production. 

Excessive ROS are known to compromise normal sperm function 

through lipid peroxidation, motility reduction, apoptosis-like changes and 

even DNA damage (Agarwal et al., 2008). From these insults, sperm DNA 
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damage has been observed to compromise fertility in mammalian species 

(Kumaresan et al., 2020; Ribas-Maynou et al., 2021). The last work of this 

Dissertation (Paper VI) thus aimed to analyse how single- and double-strand 

DNA breaks affect porcine fertility, specifically oocyte fertilisation and 

embryo development. Similar to cattle (Fatehi et al., 2006) and humans 

(Tomlinson et al., 2001; Greco et al., 2005), data included here demonstrated 

that, while sperm DNA damage does not impair sperm fertilising ability, it 

compromises embryo development in pigs. In particular, double-strand 

breaks seemed to have a dramatic impact on the percentage of early and 

late blastocysts, indicating that unresolved DNA damage is likely to trigger 

early embryo arrest. These results would explain previous observations in 

porcine, where sperm DNA damage was noticed to negatively affect litter 

size (Boe-Hansen et al., 2008; Myromslien et al., 2019). Even though some 

mechanisms, such as the oocyte incapability to repair extensive DNA 

damage (Gawecka et al., 2013) and chromosomal aberrations (Tusell et al., 

1995; Alvarez et al., 1997; Scott et al., 2013), have been proposed to explain 

embryonic arrest, how these mechanisms may exactly undermine embryo 

developmental potential remains to be clarified. In addition, further 

research should address whether the activation state of AKR1B1 and/or 

sperm metabolism are related to ROS levels and sperm DNA damage in 

order to fully explain the observed relationship with fertility outcomes in 

both cases. 
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The main conclusions of this Dissertation are: 

1 Uterine exposure to seminal plasma improves in vivo preimplantation 

embryo development, but does not increase embryo survival rates in 

cattle. Although the mechanisms underlying this improvement remain 

unknown, they do not seem to involve ovarian regulation.  

2 The AKR1B1 is expressed in all the organs of the boar reproductive tract, 

except bulbourethral glands. In addition, the levels of AKR1B1 in 

seminal plasma do not seem to significantly influence sperm quality and 

functionality.  

3 Specific metabolites present in pig seminal plasma, such as lactate, 

carnitine, hypotaurine, sn-glycero-3-phosphocholine, glutamate, 

glucose, citrate, creatine, malonate, phenylalanine, tyrosine and 

fumarate, are related to in vivo fertility outcomes in pigs. All these 

metabolites are thus suggested as biomarkers to predict in vivo fertility. 

4 AKR1B1 in pig sperm modulates their motility, probably via regulating 

calcium homeostasis. In addition, the activation state of AKR1B1 in 

sperm is related to their fertilising ability and the in vitro development 

of embryos they give rise to. 

5 Sperm basal metabolic activity determines in vitro fertility outcomes in 

pigs. Particularly, glycolysis rather than Oxphos is used by sperm as the 

main energetic pathway in good quality samples. Additionally, 

glycolysis seems to be the preferred catabolic pathway in sperm leading 

to greater in vitro embryo development rates. 

6 Whilst, in pigs, sperm DNA damage does not affect in vitro fertilisation 

outcomes, it induces embryonic arrest at early developmental stages.  
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