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ABSTRACT 
 

Worldwide, 20-30% of infertility cases are exclusively caused by a male factor, 

and sperm quality has been seen to progressively decline over the last decades. 
Moreover, the incidence of male infertility and subfertility is relevant for the animal 

breeding industry, as it exerts a negative impact on balance sheets and profits. 

Fertility preservation procedures, which include sperm storage, are combined 
with other assisted reproduction techniques in both humans and farm animals. 

Notwithstanding preservation methods, both liquid-storage and 
cryopreservation, may entail sperm damage in a species-specific manner, they 

are extensively used in humans and livestock. Examining the causes of male-
factor infertility is, therefore, a requisite to develop novel strategies to predict 

related disorders as well as the sperm resilience to conservation. While the 

conventional seminogram is an excellent, rapid and cheap approach to assess 
semen quality - and is widely utilised by both fertility clinics and the animal 

breeding industry -, it leaves the cellular and molecular features of sperm aside, 
thus limiting its sensitivity and accuracy. It is noteworthy, moreover, that the 

multicausal nature of male infertility hinders its diagnosis and prediction in both 
humans and other animals. Under these circumstances, the interest on the 

exploration of novel molecular markers is progressively increasing. Molecular 
markers can provide relevant information about the physiological status of sperm 

with cost-effective protocols, thus overcoming seminogram limitations in the 

prediction of male infertility and the capability of sperm to withstand preservation. 
Besides, the molecular characterisation of sperm proteins may lead to the 

establishment of new therapeutic targets. Glutathione S-transferases (GSTs) are 
a group of ubiquitous antioxidant enzymes suggested to be linked to (in)fertility 

in humans and farm animals. Their role in male (in)fertility, however, has been 
understudied in mammals. Acknowledging the putative relevance of GSTs in male 

(in)fertility, their involvement in sperm physiology and usefulness as a molecular 

marker was investigated in the present Dissertation. For this purpose, 
immunological and pharmacological approaches were undertaken to: (i) 
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characterise GSTs in reproductive tissues, seminal plasma, and sperm of pigs, 
cattle and humans; (ii) investigate their physiological role in sperm detoxification 

and regulation of cellular stress-signalling; (iii) assess their usefulness as a 

biomarker of sperm quality and fertilising ability; and (iv) address its potential to 
predict the capacity of sperm to withstand preservation. Immunoblotting and 

immunostaining revealed that GSTs, and specifically GSTM3 and GSTP1, are 
present in the sperm of pigs, cattle and humans, exhibiting species-specific 

differences in terms of band-patterns and localisation. Specifically, in pigs, 
GSTM3 was identified in reproductive tissues, seminal plasma and sperm. In 

sperm, this antioxidant enzyme was subject to relocalisation in response to liquid-
storage and cryopreservation, suggesting the adaptation of the cell to these 

changes. Subsequently, pharmacological inhibition of the antioxidant activity of 

GSTs by ethacrynic acid, strongly blocking the glutathione-binding site, was 
conducted to investigate their involvement in sperm detoxification. Thanks to this 

approach, GSTs were found to play a key role in mitochondrial activity, plasma 
membrane stability and oxidative regulation of pig sperm, thus being antioxidant 

enzymes essential for preserving their function. Furthermore, pharmacological 
dissociation of the GSTP1-JNK heterocomplex by ezatiostat evidenced that 

GSTP1 regulates sperm function by inhibiting JNK, thus preserving mitochondrial 

activity and membrane stability. Given the observed role of sperm GSTs in the 
detoxification and regulation of the cellular stress response, the potential use of 

GSTM3 as a biomarker of sperm quality and fertilising ability was also 
interrogated in humans and farm animals. GSTM3 levels were found to be 

associated to the quality and fertilising ability of porcine, bovine and human 
sperm. Finally, the ability of GSTM3 to predict the capacity of sperm to withstand 

preservation was also evaluated. This antioxidant enzyme was observed to 
predict the sperm resilience to liquid-storage and cryopreservation in pigs. In 

conclusion, the results of the present Dissertation warrant the use of sperm 

GSTM3 as a molecular marker of sperm quality, fertilising ability and capacity to 
withstand preservation. Although further research with larger cohorts and ROC 

analysis should be performed before this biomarker can be implemented in 
fertility clinics and the animal breeding industry, the findings shown herein 
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support the development of novel GSTM3-based predictive systems with cost-
effective and accurate outcomes.  
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RESUM 
 
A escala mundial, entre un 20 i un 30% dels casos d'infertilitat es deuen 

exclusivament a factors masculins. A més, durant les últimes dècades, s'ha 

observat una disminució progressiva de la qualitat espermàtica. Així mateix, cal 
destacar que la incidència de la infertilitat/subfertilitat masculina és summament 

important per a la indústria ramadera, atès que pot repercutir negativament en 
els seus indicadors econòmics. Tant en humans com en animals de granja, els 

mètodes de conservació de l’esperma i de preservació de la fertilitat s'utilitzen 
conjuntament amb altres tècniques de reproducció assistida. Tanmateix, els 

protocols de refrigeració i de criopreservació espermàtiques, emprats tant en 

humans com en espècies d’interès productiu, provoquen danys en els 
espermatozoides de manera específica a cada espècie. Per tant, examinar les 

causes de la infertilitat masculina és un requisit pel desenvolupament de noves 
estratègies que prediguin aquests trastorns, alhora que és fonamental determinar 

la capacitat de resistència dels espermatozoides a la seva conservació. Si bé el 
seminograma convencional és un mètode excel·lent, ràpid i econòmic per avaluar 

la qualitat del semen, i el seu ús s'ha estès tant en clíniques de fertilitat com en 
la indústria ramadera, no contempla les característiques cel·lulars i moleculars 

dels espermatozoides, la qual cosa en limita la seva sensibilitat i precisió. 

Endemés, la naturalesa multifactorial de la infertilitat masculina dificulta la seva 
diagnosi i prognosi, tant en humans com en animals domèstics. En aquest sentit, 

hi ha un interès creixent per explorar i establir nous marcadors moleculars. 
Aquests marcadors poden proporcionar informació addicional i rellevant sobre 

l'estat fisiològic de l'espermatozoide, superant així les limitacions del 
seminograma a l’hora de predir la infertilitat masculina i la capacitat de resistència 

de l'espermatozoide a la seva conservació. Addicionalment, la caracterització 

molecular de les proteïnes espermàtiques pot conduir a l’establiment de noves 
dianes terapèutiques. Les glutatió S-transferases (GST) són un grup d'enzims 

antioxidants ubics, i s’ha suggerit que poden estar relacionats amb la (in)fertilitat 
en éssers humans i animals d'interès productiu. Tanmateix, la seva relació amb 

la (in)fertilitat masculina s’ha estudiat poc en mamífers. Per això, en aquesta Tesi 
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Doctoral es va investigar la rellevància funcional de les GSTs als espermatozoides 
humans, porcins i bovins, i se’n va determinar la seva utilitat com a marcador 

moleculars. Es van dur a terme tècniques immunològiques i farmacològiques per 

(i) caracteritzar les GSTs en els teixits reproductius, el plasma seminal i els 
espermatozoides; (ii) determinar el seu paper fisiològic en la detoxificació dels 

espermatozoides i la resposta a l'estrès oxidatiu; (iii) avaluar el seu ús com a 
biomarcadors de qualitat espermàtica i capacitat fecundant; i (iv) abordar el seu 

potencial per predir la resistència dels espermatozoides a la conservació. Les 
anàlisis d'immunotransferència i immunofluorescència van revelar que les GSTs, 

específicament la GSTM3 i la GSTP1, es troben als espermatozoides porcins, 
bovins i humans, per bé que hi ha diferències entre aquestes espècies tant pel 

que fa al patró de bandes proteiques (immunotransferència) com a la localització 

cel·lular. També es va identificar, a l’espècie porcina, la presència de GSTM3 en 
els teixits reproductius, el plasma seminal i els espermatozoides. En aquests 

últims, es va observar que tant la refrigeració com la criopreservació indueixen la 
relocalització d’aquest enzim antioxidant, la qual cosa suggereix que els gàmetes 

masculins tenen la capacitat d'adaptar-se als canvis de l’entorn, també quant a 
l’homeòstasi redox. Posteriorment, es va inhibir l'activitat antioxidant de les GSTs 

mitjançant àcid etacrínic, que bloqueja el seu lloc de unió al glutatió, per 

investigar el seu paper en la detoxificació dels espermatozoides. Gràcies a 
aquesta aproximació, es va demostrar que les GSTs juguen un paper clau en 

l'activitat mitocondrial, l'estabilitat de la membrana plasmàtica i la regulació 
oxidativa de les cèl·lules espermàtiques, de tal manera que es pot considerar que 

són enzims antioxidants essencials per la funció de les mateixes. A més, la 
dissociació farmacològica de l’heterocomplex GSTP1-JNK mitjançant ezatiostat 

va posar en evidència que la funció de la GSTP1 està relacionada amb la inhibició 
de la JNK i que, d’aquesta manera, preserva l'activitat mitocondrial i l'estabilitat 

de la membrana. Considerant el paper de les GSTs dels espermatozoides en la 

seva detoxificació i la regulació de la resposta a l'estrès cel·lular, també es va 
investigar la utilitat de la GSTM3 com a biomarcador de qualitat espermàtica i 

capacitat fecundant en humans i espècies d'interès ramader. Es va trobar que 
els nivells de GSTM3 estan associats amb la qualitat i la capacitat fecundant dels 
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espermatozoides porcins, bovins i humans. Finalment, també es va avaluar la 
relació de la GSTM3 amb la resistència dels espermatozoides a la refrigeració i a 

la criopreservació. Es va observar que, en porcí, aquest enzim antioxidant pot 

predir la resiliència dels espermatozoides a ambdós mètodes de conservació. A 
tall de conclusió, els resultats d’aquesta Tesi Doctoral encoratgen la utilització de 

la GSTM3 com a marcador molecular de qualitat espermàtica, capacitat 
fecundant i resistència a la conservació. Malgrat que calen estudis 

complementaris amb cohorts més grans i corbes ROC abans d'implementar 
aquest biomarcador en clíniques de fertilitat i la indústria ramadera, les dades 

obtingudes en aquest treball recolzen el desenvolupament de nous sistemes 
predictius basats en la GSTM3. 
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RESUMEN 
 
A escala mundial, entre un 20 y un 30% de los casos de infertilidad se deben 

exclusivamente al factor masculino. Además, durante las últimas décadas, se ha 

observado una disminución progresiva de la calidad espermática. Cabe destacar, 
asimismo, que la infertilidad y subfertilidad de los sementales es de gran 

importancia para la industria ganadera, dada su repercusión negativa en los 
indicadores económicos. Tanto en la reproducción humana cuanto en la de los 

animales de interés productivo, los métodos de conservación del semen y de 
preservación de la fertilidad se utilizan conjuntamente con otras técnicas de 

reproducción asistida. Sin embargo, dichos protocolos, tanto la refrigeración 

cuanto la criopreservación, producen daño en los espermatozoides de manera 
particular en cada especie. Con todo, el examen de las causas de la infertilidad 

masculina es un requisito para desarrollar nuevas estrategias que predigan los 
trastornos de infertilidad masculina y la capacidad de resistencia de los 

espermatozoides a la refrigeración y a la criopreservación. Si bien el 
seminograma convencional es una manera rápida, adecuada y económica de 

evaluar la calidad del semen - y su uso se ha extendido tanto en clínicas de 
fertilidad como en la producción animal -, tiene el inconveniente de que no 

contempla las características celulares y moleculares de los espermatozoides, lo 

que limita su sensibilidad y precisión. Por otra parte, cabe destacar que la 
naturaleza multifactorial de la infertilidad masculina dificulta su capacidad 

predictiva y de diagnóstico, tanto en humanos cuanto en otros animales. Por este 
motivo, el interés por hallar nuevos marcadores moleculares está incrementando 

progresivamente. Los marcadores moleculares pueden proporcionar información 
relevante sobre el estado fisiológico de los espermatozoides con protocolos 

sencillos, superando así las limitaciones del seminograma respecto a la 

predicción de la infertilidad masculina y a la capacidad de resistencia del 
espermatozoide a la refrigeración y a la criopreservación. De igual modo, la 

caracterización molecular de las proteínas espermáticas puede conducir al 
establecimiento de nuevas dianas terapéuticas. Las glutatión S-transferasas 

(GST) son un grupo de enzimas antioxidantes ubicuas que parecen estar 
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relacionadas con la (in)fertilidad en humanos y otros animales. Sin embargo, su 
papel en la (in)fertilidad masculina se ha estudiado poco en mamíferos. Teniendo 

en cuenta la posible relevancia de las GSTs en la (in)fertilidad masculina, en esta 

Tesis Doctoral se investigó su papel en la fisiología espermática, así como su 
utilidad como marcador molecular en cerdos, toros y humanos. Se llevaron a 

cabo técnicas inmunológicas y farmacológicas para (i) caracterizar las GST en 
los tejidos reproductivos, el plasma seminal y los espermatozoides, (ii) investigar 

su papel fisiológico en la detoxificación de las células espermáticas y la 
regulación de la señalización del estrés celular, (iii) evaluar su papel como 

biomarcador de calidad espermática y capacidad fecundante, y (iv) abordar su 
potencial para predecir la resistencia de los espermatozoides a la conservación. 

Los análisis de inmunotransferencia e inmunofluorescencia revelaron que las 

GSTs, y específicamente la GSTM3 y la GSTP1, están presentes en los 
espermatozoides de cerdo, toro y humano, observándose diferencias entre 

especies tanto en los patrones de bandas en la inmunotransferencia cuanto a la 
localización celular. Específicamente, en cerdo, se confirmó la presencia de la 

GSTM3 en los tejidos reproductivos, el plasma seminal y los espermatozoides. 
En estos últimos, se halló que esta enzima antioxidante se relocaliza en respuesta 

a la refrigeración y a la criopreservación espermáticas, lo que sugiere que el 

gameto masculino tiene la capacidad de adaptar su fisiología a los cambios que 
dichos métodos de conservación producen. Posteriormente, se inhibió la 

actividad antioxidante de las GSTs mediante ácido etacrínico, bloqueando el sitio 
de unión al glutatión, para investigar el papel de aquéllas en la detoxificación de 

los espermatozoides. Gracias a esta aproximación, se demostró que las GSTs 
desempeñan un papel clave en la actividad mitocondrial, la estabilidad de la 

membrana plasmática y la regulación oxidativa de las células espermáticas, 
siendo enzimas antioxidantes esenciales para la función de las mismas. Además, 

la disociación farmacológica del heterocomplejo GSTP1-JNK mediante 

ezatiostat evidenció que la GSTP1 regula la función de los espermatozoides 
mediante la inhibición de la JNK, manteniendo así la actividad mitocondrial y la 

estabilidad de la membrana. Considerando el papel de las GSTs de los 
espermatozoides en su detoxificación y la regulación de la respuesta al estrés 
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celular, también se investigó el uso de la GSTM3 como biomarcador de calidad 
espermática y capacidad fecundante en humanos y especies de interés 

productivo. Se encontró que los niveles de la GSTM3 están asociados con la 

calidad y la capacidad fecundante de los espermatozoides porcinos, bovinos y 
humanos. Por último, también se evaluó la utilidad de la GSTM3 para pronosticar 

la resistencia de los espermatozoides a la conservación. Se observó que esta 
enzima antioxidante puede predecir la capacidad de los espermatozoides de 

cerdo de resistir a la refrigeración y a la criopreservación. En conclusión, los 
resultados de la presente Tesis Doctoral justifican el uso de la GSTM3 como 

marcador molecular de calidad espermática, capacidad fecundante y resiliencia 
a la conservación. Aunque hacen falta aún estudios complementarios con 

cohortes más grandes y análisis mediante curvas ROC antes de implementar este 

biomarcador en las clínicas de fertilidad y la industria ganadera, los resultados 
de este trabajo respaldan el desarrollo de nuevos sistemas predictivos basados 

en la GSTM3, con resultados rentables y precisos. 
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INTRODUCTION 
 

1.1. Infertility disorders: a rising problematic 

1.1.1.  A global perspective of infertility 
As defined by the World Health Organisation (WHO), clinical infertility is the 

inability to conceive after more than one year of unprotected intercourse (Zegers-

Hochschild et al., 2017; Vander Borght and Wyns, 2018). From the cell viewpoint, 
infertility occurs when sperm cells are unable to fertilise the oocyte, whereas 

subfertility refers to any form of reduced fertility (Gnoth et al., 2005). Clinical 
infertility has been reported to be a major health problem, affecting 8-12% of 

couples at reproductive age, which represents about 48.5 million couples 
worldwide (Agarwal et al., 2015a, 2021; Vander Borght and Wyns, 2018), and 

increasing annually in both women and men (Sun et al., 2019). In some regions, 
such as South and Central Asia, Middle East and North Africa, and Central and 

Eastern Europe, clinical infertility is estimated to be around 30% of couples at 

reproductive age (Nachtigall, 2006; Mascarenhas et al., 2012). In the light of the 
above and accounting for the significant public health implications of fertility 

disorders, research on the causes and treatment of this continuing decline is 
urgently needed. Particularly, further implementing, strengthening and refining 

assisted reproductive technologies (ART) could be beneficial for addressing 
reproductive challenges (Ziebe and Devroey, 2008).  

 
1.1.2. Assisted reproductive technology (ART) 

ART encompasses medical procedures intended to rescue fertility, including 
diagnosis and treatment of both male and female subfertility/ infertility disorders. 

Since the birth of the first child conceived by in vitro fertilisation (IVF) in 19781 

(Daily Mail Reporters, 1978), the utilisation and continuous innovation of ART has 
exploded. Forty years later, over 8 million children from infertile couples 

 
1 Louise Brown was the first child born by using in vitro fertilisation (IVF) on 25 July 1978 
in Oldham, England. It was a highly mediated and visible event through the publication of 
a documentary in the British television that contributed to the normalisation of IVF (Dow, 
2019). 
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worldwide had been born by using ART, as estimated by the European Society 
of Human Reproduction and Embryology (ESHRE) (European Society of Human 

Reproduction and Embryology, 2018). Nowadays, ART comprises a wide range 

of medical procedures, from initial fertility tests to intracytoplasmic sperm 
injection (ICSI), as well as the retrieval, cryopreservation and transfer of gametes 

and embryos, among many others. In humans, nevertheless, cumulative live-birth 
rates after IVF are around 50% (Moragianni and Penzias, 2010), so that many 

factors associated to both female and male infertility are still hindering fertilisation 
despite the use of ART. Moreover, ART procedures have been developed and 

optimised for both humans and farm animals. Indeed, they have extensively been 
used in livestock (cattle, pigs, and sheep), thus increasing the offspring of 

genetically selected animals, improving gamete preservation, and allowing simple 

genetic manipulation and the transport of germplasm across long distances, 
among other benefits (Hansen, 2020).  

 
1.2. Male infertility 

Worldwide, male infertility is responsible for about 50% of cases of unsuccessful 
pregnancy, which indicates that the contribution of the two sexes is similar. 

Remarkably, 20-30% of infertility cases reported are exclusively caused by a male 

factor (Agarwal et al., 2015a). Moreover, it is known that the male contribution to 
infertility widely differs between regions. While Sub-Saharan Africa and Asia show 

the lowest rate of infertile men, Central and Eastern Europe and the Middle East 

have the highest rates (Figure 1; Agarwal et al., 2015). Although the magnitude 

and prevalence of male infertility are challenging to calculate, it is clear that male 
infertility is a global health issue warranting further research. 
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Figure 1. Male related infertility per region. World map containing the percentages of 
male infertility cases per region studied (Sub-Saharan Africa, North Africa, Asia, Oceania, 
Middle East, Europe, Central/Eastern Europe, and North America). Data extracted from 
(Agarwal et al., 2015a). 

 

1.2.1.  Aetiology of male infertility 

Since the first study reporting a decrease in semen quality 48 years ago (Nelson 
and Bunge, 1974), several studies evidenced a clear decline in semen parameters 

over the last decades (Carlsen et al., 1992; Swan et al., 2000; Mishra et al., 2018). 
Specifically, a meta-regression analysis estimated a 50-60% reduction in sperm 

counts between 1973 and 2013 (Levine et al., 2017). More recently, this meta-
regression analysis was updated with new data between 2014 and 2019 (Levine 

et al., 2022). All these findings concurred in a continuous drop of sperm 
concentration over the years, with an average global rate of -0.87 million 

sperm/mL/year (Levine et al., 2022). Examining the causes of the male infertility 

is, therefore, a requisite to develop novel strategies to predict and diagnose male 
infertility disorders as well as to improve semen quality. Related to this, one has 

to note the high complexity of the diagnosis and treatment of infertility as, 
because of its multicausal nature, many factors known to be related to male 

subfertility/infertility need to be envisaged (Ilacqua et al., 2018; Pillai and McEleny, 
2021). 

As summarised in Figure 2, a wide range of causes and factors 

contributing to infertility have been hitherto reported (Pillai & McEleny, 2021). 
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Lifestyle habits are modifiable factors highly associated to the decline of sperm 
quality. Poor nutrition, lack of physical exercise and psychological stress, among 

many others, are suspected to impair testicular function (Ilacqua et al., 2018). 

Likewise, other health problems such as urogenital infections are a source of 
acute inflammation that may also compromise spermatogenesis and male fertility 

(Purvis and Christiansen, 1993). In addition to this, many other contributing 
factors may reduce sperm quality and subsequent fertility rates. Environmental 

factors, such as hazardous chemical exposure like endocrine-disrupting 
chemicals (Sharma et al., 2020) or ionising radiation (Ahmad and Agarwal, 2017), 

are known to have deleterious effects upon spermatogenesis. Besides, 
congenital and genetic defects, especially azoospermia factor (AZF) deletions2, 

are responsible for defective spermatogenesis, thus causing male infertility 

(Kuroda et al., 2020). All the aforementioned factors, together with many other 
health conditions involving hormonal dysregulation, sexual dysfunction or intake 

of certain types of drugs, may exert a negative impact upon semen quality, thus 
impairing the function of male gametes and reducing or preventing fertilisation 

(Pillai and McEleny, 2021). In this regard, research into the aetiology and 
diagnosis of male fertility disorders is much warranted, as it may contribute to 

reduce male sub-fertility and infertility. 

 
2 Azoospermia factor (AZF) deletions are genomic deletions in the euchromatic part of the 
long arm of the human Y chromosome (Yq11) associated with azoospermia or severe 
oligozoospermia (Vogt, 2005). 
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Figure 2. Causes and factors contributing to male infertility. Data extracted from Pillai 
and McEleny (2021). Figure created with BioRender. 

 

1.2.2. Diagnostic of male infertility  

The initial clinical evaluation of male (in)fertility covers a careful examination of (i) 
the medical history and physical status, (ii) hormonal imbalance, and (iii) semen 

quality (Pan et al., 2018). Remarkably, sperm quality analysis is acknowledged to 

be the mainstay of the initial evaluation for male factor (in)fertility. 
 

1.2.2.1. Conventional semen analysis: the seminogram 

Evaluation of semen quality has traditionally been performed through semen 
analysis, also known as conventional spermiogram or seminogram. In humans, 

the seminogram is performed using two semen samples collected about a month 
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apart, and after 2-5 days of abstinence from ejaculation (Male Infertility Best 
Practice Policy Committee of the American Urological Association and Practice 

Committee of the American Society for Reproductive Medicine, 2006). This is an 

excellent, rapid and cheap method to assess semen quality, that is extensively 
used in fertility clinics worldwide and consists of the evaluation of ejaculate 

volume, sperm concentration, morphology, motility, and viability (World Health 
Organisation, 2021). Ranges for normal semen parameters are established by 

WHO guidelines (World Health Organisation, 2021). The seminogram, however, 
leaves aside other cellular and molecular features of the sperm cell such as DNA 

integrity, oxidative status, or the presence of essential sperm proteins (Lewis, 
2007; Altmäe and Salumets, 2011), thus not providing complete information of its 

function and fertilising ability. Despite the extensive utilisation of the seminogram 

to evaluate semen quality, its application for the prognosis and diagnosis of male 
(in)fertility is currently under debate due to its limited sensitivity and accuracy 

(Lewis, 2007; Altmäe and Salumets, 2011; Kwon et al., 2014).  
 
Table 1. Cut-off reference values for semen characteristics as published in The 
World Health Organisation (WHO) guidelines in 2021 (World Health Organisation, 2021). 

Semen parameter Reference value 

Volume (mL) 1.4 

Sperm concentration (×106/mL) 16 

Total sperm number (×106) 39 

Total motility (%) 42 

Progressive motility (%) 30 

Viability (%) 54 

Normal morphology (%) 4 

 
 

Along these lines, male (in)fertility is extremely challenging to predict 

because of its multicausal nature, the complex physiology of sperm cells and the 
unknown details of how they interact with the female reproductive tract 

(Oehninger and Ombelet, 2019), consequently limiting the potential value of 
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seminogram. Hence, the exploration of new molecular markers with higher 
sensitivity and specificity in predicting male (in)fertility is of great interest for both 

fertility clinics and the livestock industry.  

 
1.2.2.2. Molecular (in)fertility markers 

Currently, there is a rising interest in the exploration of novel molecular markers 

due to their potential to overcome seminogram limitations in the prediction of 
male (in)fertility. Molecular markers can determine biochemical, metabolic and/or 

structural characteristics of semen samples by using accurate, rapid and cheap 
techniques, thus providing relevant information about sperm physiological status 

with cost-effective methods (Kovac et al., 2013; Carrell et al., 2016; Yadav, 2017). 
The OMICs revolution, which refers to the high-throughput evaluation of 

genes (genomics), transcripts (transcriptomics), proteins (proteomics) and 
metabolites (metabolomics), has transformed the scientific landscape and is 

fuelling the research of novel molecular markers (Kovac et al., 2013). Considering 

that OMICs allow for the determination of molecules playing a crucial role in 
sperm physiology, they are increasingly studied in the andrology field (Kovac et 

al., 2013; Egea et al., 2014; Carrell et al., 2016; Yadav, 2017). Indeed, OMIC 
technologies are in constant development and are the grounds of setting new 

markers associated to male (in)fertility (Egea et al., 2014; Yadav, 2017). Tackling 
this issue, an exhaustive systematic review intended to identify the most robust 

molecular biomarkers in semen for the diagnosis of male (in)fertility, and their 

potential clinical use, has been recently published (Llavanera et al., 2022). 
Noncoding ribonucleic acid in semen, such as miR-34c-5p, sperm and seminal 

plasma proteins, such as TEX101, and even their metabolomic profile, exhibit an 
excellent diagnostic potential. It is thus clear, as previously mentioned, that the 

novel application and improvement of molecular markers evaluating functional 
sperm parameters is of great interest for both assisted human reproduction and 

animal breeding industry. In this regard, the investigation of molecular markers in 
semen is necessary to improve the prognosis and diagnosis of sperm quality and 

(in)fertility, optimising ART procedures and ultimately increasing fertility rates. 
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1.3. Male reproductive function in mammals: general considerations 

Semen is composed by the secretions of the male reproductive organs, 

consisting of sperm and seminal plasma (SP). Both components have been the 
subject of intensive research for several decades, due to the rise of reproductive 

disorders and the usage of ART. Thus, this section provides a comprehensive 
overview of the fundamentals of mammalian sperm and SP. 

 

1.3.1. The sperm cell 
During the mid-17th century, the technological advances in microscopy allowed 

Antony van Leeuwenhoek 3, and its student Johan Ham, the discovery of sperm, 

which were initially denominated “animalcules spermatiques” (Leeuwenhoek, 
1679). They observed, for the first time, the liquefaction of semen, the motile 

ability of sperm and their basic morphological characteristics. After discovering 

the presence of numerous “animalcules” in human semen, Leeuwenhoek initiated 
an investigation on their biological and morphological properties in a wide range 

of species, including dogs, pigs, rabbits, fishes, birds and amphibians, among 

others (Figure 3; Castellani, 1973). As a result of these observations, 

Leeuwenhoek intuitively associated sperm with the male contribution to 
fertilisation, and thought that motility was a feature required for their survival in 

the female reproductive tract. In spite of this, the biological role of sperm was not 

understood and empirically confirmed until almost two centuries later, when the 
oocyte was discovered and the fertilisation process was described (Bon Baer, 

1956; Andrade-Rocha, 2017). Since then, many studies have been carried out 
examining not only sperm physiology but also their role in the fertilisation process. 

 

 
3 Antony van Leeuwenhoek (1632-1723) was a Dutch businessman and scientist known as 
“the Father of Microbiology” for his pioneering work in Microscopy (Porter, 1976). 
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Figure 3. First published illustration of mammalian sperm accompanying a letter from 
Leeuwenhoek to the Royal Society on March 18, 1678. Retrieved from Androutsos (2014). 

 
Sperm are known to be highly specialised cells forming the cellular 

fraction of semen. In general terms, after spermiogenesis, mammalian sperm are 
composed of two main segments: (i) the head at the proximal end, and (ii) the 

flagellum (or tail) at the distal end, united with each other by the connecting piece 

(or neck) (Figure 4; Chianese & Meccariello, 2018; de Jonge & Barratt, 2006). 
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Figure 4. Schematic representation of a mammalian sperm cell (parts and 
components). The figure was adapted and modified from Kumar & Singh (2021) and 
Schoeller et al. (2020) , and created with BioRender. 

 

Regarding its ultrastructure, the sperm head is composed by (i) the 
nucleus, containing the genetic material delivered to the offspring, and (ii) a 

sperm-specific organelle known as acrosome, forming a cap on the proximal end 

of the head (Figure 4C). During spermiogenesis, the sperm nucleus undergoes 

an extensive chromatin remodelling, partially replacing histones by protamines, 
which generates a hypercondensed chromatin and silences gene expression 
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(Marcon and Boissonneault, 2004; Miller et al., 2010; Chianese and Meccariello, 
2018).  

The nucleus is covered by a nuclear envelope lacking nuclear pore 

complexes (de Jonge and Barratt, 2006). A rigid protective shell, named 
perinuclear theca (PT), surrounds the nucleus and its envelope. The PT is 

composed of proteins, some of them stabilised through disulphide bonds, which 
are understood to participate in cell signalling pathways in the oocyte upon 

gamete fusion (Oko, 1995; Sutovsky et al., 2003). The PT is divided into three 
major segments, each serving specific functions (de Jonge and Barratt, 2006): (i) 

the sub-acrosomal layer, which is fused with the inner acrosomal membrane; (ii) 
the equatorial segment, a folded-over complex of the PT, inner and outer 

acrosomal membranes that is involved in sperm–oocyte binding; and (iii) the post-

acrosomal sheath, believed to content sperm-borne oocyte activating factors 
(SOAF) responsible for oocyte activation after sperm-oocyte fusion (Sutovsky et 

al., 2003). Indeed, several PT-specific proteins have been suggested to be 
involved in oocyte activation in mammals, such as phospholipase Cζ (PLCζ) and 

post-acrosomal WW-domain binding protein (PAWP; also known as WBP2NL) 
(Yeste et al., 2017). 

The acrosome, on the other hand, is a Golgi apparatus-derived organelle 

that contains degradative enzymes and receptors required for sperm interaction 
with the zona pellucida (ZP) of the oocyte (Chianese and Meccariello, 2018). The 

acrosome holds a dense mixture of proteases and protein receptors, called 
acrosomal matrix (Yoshinaga and Toshimori, 2003; Buffone et al., 2009). The 

acrosome membrane is divided into two major segments (de Jonge and Barratt, 
2006): the inner acrosomal membrane (IAM) and the outer acrosomal membrane 

(OAM). Whereas the OAM is lost after acrosomal exocytosis, the IAM remains 

anchored to the sub-acrosomal layer (Figure 4C). 

The sperm flagellum has a complex molecular architecture and is crucial 
for intrinsic motility. It is divided into the (i) connecting, (ii) mid, (iii) principal, and 

(iv) end pieces (Figure 4A and 4B). The flagellum is supported by an axoneme 

along the entire length, surrounded by periaxonemal structures, except for the 

end piece, that is exclusively surrounded by the plasma membrane (Kumar and 
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Singh, 2021). The axoneme is composed of a specific “9 + 2” structure, consisting 
of nine microtubule doublets in the outer part, and two single microtubules in the 

centre (Schoeller et al., 2020). The central microtubules are linked with radial 

spokes and dynein arms, the latter being responsible for the sperm tail movement 
(Schoeller et al., 2020).  

Several periaxonemal structures enclose the axoneme and are highly 
variable across flagellum parts. In the mid-piece, the mitochondrial sheath is 

arranged girdling the axoneme in a helical pattern known as gyres (Kumar and 
Singh, 2021). The outer dense fibres (ODFs) consist of nine columns composed 

of 14 polypeptides, variable across mammalian species, and present in the 
flagellum from the connecting piece to the end of the principal piece (Oko, 1988). 

Besides their essential role for sperm motility (Zhao et al., 2018), the ODFs protect 

sperm from the damage caused during the transport through the epididymis and 
ejaculation (Kumar & Singh, 2021). The fibrous sheath (FS) is another essential 

component for the structural integrity of the sperm tail. It consists of two 
longitudinal columns at the principal piece. In the mid and end pieces of the tail, 

the FS is replaced by ODFs (Lehti and Sironen, 2017). The FS contains enzymes 
and channels essential for sperm physiology, such as sperm-specific lactate 

dehydrogenase (LDHC), which is responsible for glycolytic energy production; 

cation channels (CatSper); and the calcium-binding tyrosine phosphorylation-
regulated protein (CABYR) (Kumar & Singh, 2021). All these enzymes and ion 

channels play an essential role in sperm motility, capacitation and fertilisation. 
 

1.3.2.  The seminal plasma 

The SP is the acellular portion of semen, and is made up of a mixture of secretions 
from the testes, epididymis, vas deferens and accessory sex glands (Plant and 

Zeleznik, 2014). The SP is a medium intended to nourish and protect sperm from 
ejaculation to fertilisation, as well as to modulate the uterine environment for 

proper embryo implantation and development (Morgan and Watkins, 2020). 
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1.3.2.1. Molecular composition of seminal plasma 

The molecular composition of SP is highly species-specific, although it 
consistently contains certain types of molecules, such as inorganic ions, energy 

substrates, amino acids, cholesterol, peptides and proteins, and DNA and RNA 
(Juyena and Stelletta, 2012; Rodriguez-Martinez et al., 2021). The major 

components of SP are peptides and proteins, and the protein fraction of SP has 

a similar composition to blood plasma, containing pre-albumin, albumin, 
globulins, transferrin, enzymes and immunoglobulins. In addition to these 

molecules, other SP proteins are exclusively found in this fluid, as explained 
below (Rodriguez-Martinez et al., 2021). 

In mammalian SP, the vast majority of proteins can be classified into three 
main groups: (i) spermadhesins, (ii) fibronectin type II module-containing (FN-2) 

proteins, and (iii) cysteine-rich secretory proteins (CRISPs) (Rodríguez-Martínez 
et al., 2011). Spermadhesins are multifunctional secretory glycoproteins, initially 

described in farm animals, that bind to the extracellular surface of horse, pig, and 

cattle sperm (Töpfer-Petersen et al., 1998). They are known to bind to a wide 
range of ligands, including carbohydrates, sulphated glycosamino-glycans and 

phospholipids, thus evidencing their role in sperm membrane stability, 
capacitation, acrosome reaction and fertilisation (Töpfer-Petersen et al., 1998). In 

humans, nevertheless, despite lacking spermadhesins, spermadhesin-like 
proteins have been reported (Kraus et al., 2005). On the other hand, FN-2 proteins 

are a family of sperm-binding proteins that interact with phosphorylcholine, a 

polar head group of some membrane phospholipids (Desnoyers and Manjunath, 
1992, 1993). The FN-2 proteins are present in the SP of most mammalian species, 

and are known to be involved in sperm maturation, capacitation and fertilisation 
(Manjunath et al., 2009). Finally, CRISP family members are predominantly 

expressed along the male reproductive tract of mammalian species and are 
involved in capacitation-associated events (protein tyrosine phosphorylation, 

motility hyperactivation and acrosome reaction) and gamete interaction (cumulus 
penetration, sperm ZP-binding and penetration and gamete fusion; Gonzalez et 

al., 2021). In addition to these three major protein families, proteomic analyses 

have revealed many other proteins and peptides present in the SP of humans and 
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farm animals (Pilch and Mann, 2006; Druart et al., 2013). Indeed, more than 2,000 
SP proteins have been comprehensively described in humans (Batruch et al., 

2011). For this reason, SP proteins have been suggested as biomarkers, since 

they have been detected to be differentially abundant in the SP of men with good 
and poor sperm quality (Batruch et al., 2011; Sharma et al., 2013). 

 
1.3.2.2. The multifunctional role of seminal plasma 
In addition to the nourishing and protective functions of SP with regard to sperm, 

recent studies evidenced the multifunctional role of this fluid in sperm physiology, 

the fertilising process and the female reproductive tract. Specifically, proteins and 
peptides are recognised to be directly involved in a wide range of essential 

processes, such as prevention of premature sperm capacitation, modulation of 
the uterine immune response, transport of sperm within the female genital tract 

and sperm-oocyte interaction, among others (Rodríguez-Martínez et al., 2011). 
 

1.3.2.2.1. Role of seminal plasma proteins on sperm 

During the last years, intensive work has been carried out to characterise the role 
of SP proteins on sperm functionality. CRISP proteins are known to modulate ion 

channels, inhibiting Ca2+ influx via regulation of ryanodine receptors and 

subsequent flagellar activity (Gibbs et al., 2006; Koppers et al., 2011). Related to 
the aforementioned function, some CRISP members have also been reported to 

act as decapacitation factors by preventing early-capacitation events (Roberts et 
al., 2003). Moreover, CRISP proteins appear to be involved in the modulation of 

sperm–oocyte binding (Koppers et al., 2011). Specifically, some sperm 
membrane-adhered CRISP proteins migrate to the equatorial region during 

sperm capacitation and acrosome reaction, and are established to participate in 
binding to the ZP and oolemma (da Ros et al., 2004).  

As far as the role of FN-2 proteins on sperm physiology is concerned, 

they have been suggested to stabilise the plasma membrane of sperm during 
their journey along the male reproductive tract (Manjunath et al., 2007). Once in 

the oviduct, FN-2 proteins facilitate capacitation by interaction with high-density 
lipoproteins and glycosaminoglycans. Furthermore, FN-2 proteins are thought to 



Introduction 

37 

participate in the formation of the sperm reservoir by promoting sperm binding to 
the oviductal epithelium (Gwathmey et al., 2003).  

Spermadhesins have a mechanism of action similar to FN-2 proteins, as 

both groups of molecules are able to bind a wide range of ligands. 
Spermadhesins can form a layer coating sperm by binding phospholipid matrices. 

This sperm-coating ability acts as a stabilising factor to prevent premature 
capacitation and acrosome reaction (Töpfer-Petersen et al., 1998; Vadnais and 

Roberts, 2007). In addition, similar to FN-2 proteins, spermadhesins have also 
been reported to be involved in the formation of the sperm reservoir in some 

mammalian species, by mediating sperm-oviduct binding (Wagner et al., 2002; 
Ekhlasi-Hundrieser et al., 2005). During capacitation, most of these 

spermadhesins are released from the sperm membrane and act as cholesterol 

acceptors (Dostàlovà et al., 1994; Jonáková et al., 2000). Some spermadhesins, 
such as AWN and AQN1, remain attached to the sperm plasma membrane after 

capacitation and participate in the recognition and binding to the ZP (Jonáková 
et al., 2000; van Gestel et al., 2007).  

Apart from the main groups described above, many other proteins have 
been shown to play an essential role for sperm function. Particularly important 

are the enzymatic antioxidants present in the SP, as they protect sperm cells from 

oxidative damage. In fact, a wide range of antioxidant enzymes, such as 
superoxide dismutase (SOD; Papas et al., 2019; Peeker, 1997), catalase (CAT; 

Jeulin et al., 1989; Papas et al., 2019), glutathione peroxidase (GPx; Kantola et 
al., 1988; Papas et al., 2019), glutathione reductase (GSR; Papas et al., 2019), 

glutathione S-transferase (GST; Raijmakers et al., 2003), peroxiredoxins (PRx; 
Gong et al., 2012) and thioredoxin reductase (TrxR; Moradi et al., 2018), have 

been identified in mammalian SP. It is important to note that the total antioxidant 
capacity relies upon both enzymatic and non-enzymatic antioxidants. Several 

non-enzymatic antioxidants have been reported in mammalian SP, such as 

albumin, vitamin E, ferritin, transferrin and reduced glutathione (Fischer-
Hammadeh et al., 2007; Micheli et al., 2016). Indeed, quantification of total 

antioxidant capacity in SP, both enzymatic and non-enzymatic, has been 
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established as a reliable and simple method for the diagnosis and management 
of male infertility (Mahfouz et al., 2009). 

 

1.3.2.2.2. Role of seminal plasma proteins on the female reproductive tract 
Regarding the modulating effect of SP upon the female reproductive tract, recent 

studies evidenced its role in facilitating uterine remodelling, embryo implantation 

and foetal development (Morgan and Watkins, 2020), thus improving clinical 
pregnancy in women exposed to this fluid (Crawford et al., 2015) and modulating 

the offspring phenotype in mammals (Crean et al., 2012; Kekäläinen et al., 2020). 
Related to this, recent animal studies evidenced that supplementation of seminal 

doses with SP prior to AI increases the ability of sperm to penetrate the cervical 
mucus, and the subsequent pregnancy rates (Okazaki et al., 2012; Morrell et al., 

2014; Rickard et al., 2014). Moreover, the complex protein composition and 
relevant physiological role of this fluid makes it a promising source of biomarker 

candidates for sperm quality and male (in)fertility. In spite of all the 

aforementioned, the overall understanding of the mechanisms underlying the 
modulation of SP to the offspring is still limited. Even so, a specific cellular 

mechanism driving the regulation of the uterine environment by SP has been 
identified in several mammalian species such as swine, cattle, horse and humans. 

Specifically, the recruitment of polymorphonuclear cells (PMN) and the 
subsequent release of DNA to form neutrophil extracellular traps (NETs) occurs 

in response to semen (Jorch and Kubes, 2017; Mateo‐Otero et al., 2022). This 

process leads to the entrapment and successive removal of both pathogens and 
excessive sperm (Scott et al., 2006). Furthermore, a remodelling of the uterine 

environment occurs to facilitate the implantation of conceptus (O’Leary et al., 
2004). On the other hand, the regulation of the female reproductive tract by SP 

shows species-specific effects. Although the SP of pigs was reported not to 
affect NET formation (Wei et al., 2020), that of cattle and donkeys indeed induces 

NET formation (Fichtner et al., 2020; Mateo‐Otero et al., 2022). These data 
highlight the importance of SP in the regulation of the female environment in a 

species-specific manner. 
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1.4. Male reproductive function in mammals: from the testis to the oocyte 

The male reproductive function is crucial for fertilisation, as it produces a gamete 

that delivers the paternal genome to the oocyte, thereby initiating the 
development of a new individual. In eutherian mammals, the journey of sperm 

from the testis to the oocyte is a complex process that requires the coordinated 
efforts of multiple organs and systems in both male and female bodies. 

 

1.4.1. Spermatogenesis and spermiogenesis: cellular basis 
Spermatogenesis is the process by which sperm cells are produced, and occurs 

in waves within the seminiferous tubules of the testis (Figure 5). It starts during 

puberty and continues throughout the male's life. This process involves the 

transformation of undifferentiated diploid cells (spermatogonia) into motile, highly 
differentiated haploid cells (sperm), via meiotic cell division (Nishimura and 

L’Hernault, 2017).  

Spermatogenesis begins with the division of undifferentiated germ cells, 
which are maintained in a metabolically quiescent state (Cheng & Sun, 2021). To 

ensure synchronous spermatogenesis, cytoplasmic bridges are established 
between germ cells to allow those located in the same cross-section of the 

seminiferous tubule to develop together (Ventelä, 2006). These germ cells give 
rise to spermatogonial stem cells (type A spermatogonia), which divide through 

repeated cycles of mitosis, maintaining the cell reserve. These cells are 
characterised by a large, oval nucleus with condensed chromatin. The production 

of type A spermatogonia marks the beginning of spermatogenesis. Type A 

spermatogonia (2n) undergo mitosis to produce type B spermatogonia (2n), which 
are committed to produce tetraploid primary spermatocytes (4n) via one mitotic 

division. During the next stage, primary spermatocytes undergo meiosis I to 
produce diploid secondary spermatocytes (2n), which later divide into round 

spermatids (n) through meiosis II. During the process of cell division and 
differentiation that occurs from type A spermatogonia to spermatids, these cells 

migrate from the basement membrane to the luminal side of the seminiferous 

tubules (Nishimura and L’Hernault, 2017). Spermiogenesis is the last stage, 
during which round spermatids (n) are radically transformed into elongated 
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spermatids and then spermatozoa (n). It involves the formation of the acrosomal 
vesicle, rotation of the nucleus, formation of the flagellum, replacement of 

histones by protamines in the nucleus, as well as the condensation and flattening 

of the nucleus (Dadoune, 1994). Finally, the resulting sperm cells are released into 
the lumen of the seminiferous tubules through a process called spermiation 

(O’Donnell et al., 2011). 
 

 
Figure 5. Schematic representation of spermatogenesis. Anatomy of the human male 
testis, epididymis, and ductus deferens (upper left corner), the histological structure of the 
seminiferous epithelium, with the different cell types of spermatogenesis, (upper right 
corner), and the meiosis stages occurring during spermatogenesis (down) are 
schematically represented. Figure created with BioRender. 

 

During spermatogenesis, developing germ sperm cells are supported by 
Sertoli cells (SCs). These cells are located in the seminiferous tubules of the testes 

and extend from the basement membrane to the lumen (Oliveira and Alves, 
2015a). SCs are in close contact with developing spermatogenic cells and 
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provide them with structural and metabolic support. Accordingly, SCs are 
commonly called as the “nurse cells” of the testis, since they supply an adequate 

environment for germ cell development during spermatogenesis, from the 

maintenance of spermatogonial stem cells to elongated spermatids (O’Donnell et 
al., 2022). The blood-testis barrier (BTB) formed by SCs controls which 

substances enter the seminiferous epithelium (Mruk and Cheng, 2015). Moreover, 
and in order to accomplish their nutritional role in support of germ cells through 

the BTB, SCs exhibit high metabolic plasticity, thus being able to degrade a 
variety of substrates through a wide range of catabolic pathways (Oliveira and 

Alves, 2015b). The majority of these catabolic pathways converge on lactate 
production, which is an essential substrate for germ cell metabolism and survival 

(Jutte et al., 1982; Erkkila, 2002; Boussouar and Benahmed, 2004). 

 
1.4.2. Epididymal maturation 

Upon leaving the testis, sperm cells have not yet acquired the capability to move 

and fertilise the oocyte. In order to become fertilising competent, they must 
undergo a maturation process in the epididymis. Epididymal maturation can be 

described as the changes that occur to sperm cells during their transit through 
the epididymis, which give them the ability to elicit capacitation in the female 

reproductive tract. This process involves a series of biochemical and 
physiological changes that require the incorporation of new molecules from the 

epididymal epithelium, as well as post-translational modifications of endogenous 

proteins synthesised during spermatogenesis (Gervasi and Visconti, 2017). 
The epididymis is a highly convoluted duct of the male reproductive 

system that is involved in the maturation and storage of sperm (Cornwall, 2008). 
Its function has been studied mainly in rodents, which present anatomical and 

physiological differences with humans (Sullivan and Mieusset, 2016). In the latter, 
however, transcriptomic and proteomic studies showed that gene expression 

varies along the human epididymis, with the caput segment having the highest 
activity, which supports that the epididymis does play a role in sperm maturation 

(Sullivan and Mieusset, 2016; Björkgren and Sipilä, 2019). Moreover, the role of 

extracellular microvesicles, known as epididymosomes, in transferring proteins 
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and small RNAs to maturing sperm and regulating gene expression in the 
epididymis were also studied (Sullivan, 2015; Barrachina et al., 2022). 

Epididymosomes appear to play a role in post-testicular sperm maturation, 

embryonic development, offspring health and epigenetic changes (Paul et al., 
2021).  

One of the most thoroughly studied functional changes that occurs to 
sperm during epididymal maturation is the acquisition of progressive motility, 

which is a prerequisite for the ability to undergo hyperactivation during 
capacitation (Yeung and Cooper, 2002). Other potential modifications occurring 

to sperm during their epididymal transit include the ability to increase tyrosine 
phosphorylation of certain proteins, which is related to the capacitation process 

and is involved in the acrosome reaction, sperm binding to ZP, fusion with the 

oolemma and oocyte fertilisation (Gervasi and Visconti, 2017). Epididymal 
maturation can thus be defined as all the biochemical and physiological changes 

that sperm experience during their transit through the epididymis, which later 
allow them to undergo capacitation within the female reproductive tract. 

 
1.4.3. Sperm capacitation 

Before stepping into the sperm capacitation process, it is worth looking back into 

the genesis and definition of this term. The very first origin of the term 
“capacitation” lies in the studies reported in 1951 by two independent scientists: 

Colin Russell Austin4 in Australia (Austin, 1951) and Min Chueh Chang5 in the 

United States (Chang, 1951). They noticed that, in rats and rabbits, “[…] sperms 
introduced into the Fallopian tubes shortly after ovulation seldom penetrated the 

eggs; but if sperms were introduced a few hours before ovulation, the majority of 

the eggs were later observed to be fertilized.” (Austin, 1952). In accordance with 

these findings, the investigations of the two authors simultaneously and 

 
4 Colin Russell Austin (1914-2004) was an English-Australian scientist devoted to the study 
of the fertilisation process and early embryonic development in mammals, considered the 
founder of the modern study of embryology (Short, 2014). 
5 Min Chueh Chang (1908-1991) was a Chinese-American reproductive biologist known 
for his work on mammalian fertilisation and the development of the oral contraceptive pill 
(Caspi, 1991). 
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independently led to the same conclusion; “[…] the sperm must undergo some 

form of physiological change or capacitation before it is capable of penetrating 

the egg.” (Austin, 1952). Years later, this definition was extended to include that 
sperm must reside in the female genital tract in order to become capacitated, as 

observed by Austin and Bishop in 1958 (Austin and Bishop, 1958). The major 

advances in technology and the up-to-date knowledge in reproductive biology 
significantly updated the definition of sperm capacitation. 

 Sperm capacitation occurs within the female reproductive tract after 
ejaculation. At the cellular level, capacitation causes changes in sperm motility, 

known as hyperactivated movement, and prepares sperm to trigger the acrosome 
reaction, an exocytotic process. At the molecular level, capacitation is 

characterised by cholesterol loss from the sperm plasma membrane, increased 

membrane fluidity, changes in intracellular ion concentrations, hyperpolarisation 
of the sperm plasma membrane, increased activity of cAMP-Dependent Protein 

Kinase A (PKA), and protein tyrosine phosphorylation (Stival et al., 2016; Molina 
et al., 2018).  

 During mammalian sperm capacitation, two distinct signalling events can 
be differentiated: the fast and the slow events (Visconti, 2009; Ickowicz et al., 

2012). The fast events of capacitation involve the activation of the flagella, which 
causes vigorous and asymmetric movement of the sperm tail. These events occur 

as soon as the sperm leave the epididymis and enter the female reproductive 

tract and are dependent on the activation of PKA. On the other hand, the slow 
events of capacitation involve changes in the movement pattern of the sperm tail, 

known as hyperactivation. The beginning of the slow events is marked by the 
removal of cholesterol from the membrane, which increases its fluidity. 

Additionally, protein tyrosine phosphorylation is another hallmark occurring 
during the late stages of capacitation on a different timescale from the fast events. 

Although the interconnections between these events and their roles in 

regulating sperm motility and preparation for the acrosome reaction are not yet 
fully understood, it is known that the PKA pathway plays a key role in coordinating 

the majority of events related to capacitation (Stival et al., 2016). A simplified 
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model of signalling pathways and cellular changes involved in mammalian sperm 

capacitation is represented in Figure 6.  

 

 
Figure 6. Molecular mechanisms regulating sperm capacitation. During capacitation, 
removal of cholesterol from the sperm plasma membrane is induced by albumin, increasing 
its fluidity. Moreover, the influx of bicarbonate (HCO3

-) by sodium bicarbonate 
cotransporter (NBC), the conversion of carbon dioxide (CO2) to HCO3

- by carbonic 
anhydrase (CA) and the efflux of protons (H+) through the voltage-gated H+ channel (HV1), 
contributes to the increase of intracellular pH (pHi). On the other hand, the influx of calcium 
ions (Ca2+) via the cation channel of sperm (CATSPER) and the efflux of potassium ions (K+) 
through the sperm K+ channel (SLO), induces the hyperpolarisation (Em) of plasma 
membrane, and activates enzymes such as the soluble adenylyl cyclase (sADCY), which 
converts adenosine triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). 
Ultimately, all these events contribute to the activation of the cAMP-Dependent Protein 
Kinase A (PKA), which promotes the tyrosine phosphorylation (protein pY) of certain sperm 
proteins. The figure was adapted and modified from Molina et al. (2018). Figure created 
with BioRender. 

 

One of the most significant changes that occurs during sperm 
capacitation is the loss of cholesterol from the sperm plasma membrane, which 

leads to an increase in membrane fluidity. In addition to changes in cholesterol 
and membrane fluidity, capacitation is also associated with alterations in 

intracellular ion concentrations, such as H+, Ca2+ and K+, and a particularly high 
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increase in cyclic adenosine monophosphate (cAMP), by the soluble adenylyl 
cyclase (sADCY). This increase in cAMP activates PKA, which plays a central role 

in coordinating the majority of events related to capacitation. An increase in the 

permeability of the membrane to K+ leads to a decrease in membrane potential 
(hyperpolarisation). Finally, capacitation is also accompanied by protein tyrosine 

phosphorylation, which involves the addition of a phosphate group to specific 
tyrosine residues of certain proteins. This modification can alter the activity or 

function of the protein and may play a role in preparing sperm for fertilisation. 
Overall, these molecular changes that take place during capacitation are essential 

for sperm to acquire the ability to hyperactivate and trigger the acrosome 
reaction, which are critical steps for successful fertilisation (Stival et al., 2016; 

Molina et al., 2018). In mammals, hyperactivation is a particular motility pattern of 

sperm entailing an increase in flagellar bend amplitude and beat asymmetry, that 
allows their penetration through the ZP (Suarez and Ho, 2003; Suarez, 2008). The 

acrosome reaction, on the other hand, is an exocytotic process that releases the 
enzymatic content of the acrosome, helping sperm to pass through oocyte 

vestments and penetrate the ZP (Hirohashi and Yanagimachi, 2018). This process 
is thought to be activated by a rise in intracellular pH (pHi) during sperm 

capacitation and is triggered by the presence of progesterone (Aldana et al., 

2021). 
 

1.4.4. Fertilisation 

Fertilisation is a highly specialised process that requires molecular recognition 
events between the sperm plasma membrane, the ZP, and the oocyte plasma 

membrane (Wassarman, 1999). The ZP, in particular, plays a crucial role in 
species-specific sperm-oocyte recognition due to the carbohydrate moieties of 

its glycoproteins (Clark, 2014). The binding of capacitated sperm to these ZP 
glycoproteins is a crucial step in fertilisation, as defective sperm-oocyte binding 

is the most common cause of failure in clinical IVF (Liu and Baker, 2000). The 
characterisation of oocyte receptors on the sperm plasma membrane is, 

therefore, essential for practical applications of ART in both animals and humans. 
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According to Primakoff & Myles (2002), fertilisation in mammals can be 

divided into three main stages (Figure 7). (i) The first step consists of the 

penetration of capacitated sperm through the corona radiata via the use of 
surface hyaluronidases, hyperactivated motility and the acrosome reaction. It is 

noteworthy that cumulus cells release progesterone, promoted through the 
release of glycosylphosphatidylinositol (GPI)-anchored membrane proteins from 

sperm (Roldan et al., 1994). Cumulus cells-released progesterone can trigger the 

acrosome reaction of sperm, thus facilitating their penetration through the corona 
radiata (Hirohashi, 2016). Subsequently, (ii) intact sperm interact with the 

extracellular matrix surrounding the oocyte, known as the ZP. Although the vast 
majority of sperm have their acrosomes lost before coming into contact with the 

ZP, the biding of acrosome-intact sperm to ZP glycoproteins (ZP1-4), can also 
trigger their acrosome reaction (Hirohashi, 2016). Acrosome-contained hydrolytic 

enzymes also account for the penetration of sperm through the ZP. Finally, (iii) 
acrosome-reacted sperm adhere to the oolemma, leading to the fusion of the 

inner acrosomal membrane with the oolemma. This membrane fusion is known 

to be mediated by the interaction of the sperm protein IZUMO1 with its oocyte 
receptor JUNO (Bianchi et al., 2014), among other interactors. 

 

 
Figure 7. The fertilisation mechanism. (A) Sperm penetration of the corona radiata 
(purple) to reach the zona pellucida (ZP; navy blue). (B) The oocyte is depicted with cumulus 
cells removed; (1) the spermatozoon binds to the ZP (navy blue); (2) the spermatozoon 
triggers the acrosome reaction (AR), releasing acrosomal contents (red); (3) the 
spermatozoon penetrates the ZP and enters the perivitelline space (grey). (C) 
Spermatozoon 1 binds to the oolemma by the inner acrosomal membrane; spermatozoon 
2 fuses with the oocyte plasma membrane. Figure was extracted from Primakoff & Myles 
(2002). 
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 Upon the fusion of sperm and oocyte membranes, oocyte activation is 
initiated. Specifically, PLCζ, a SOAF residing in the sperm PT, triggers that 

process. PLCζ induces the release of Ca2+ from the endoplasmic reticulum of the 

oocyte, which activates a PKC-mediated pathway. The series of Ca2+ oscillations 
elicited by sperm alleviate the oocyte from meiosis II arrest, induce the exocytosis 

of cortical granules and eventually drive the onset of embryogenesis (Yeste et al., 
2017). 

 
1.5. Sperm preservation in humans and livestock 

Storage of sperm, either for long or short term, is a common strategy in assisted 

reproduction in both humans and farm animals. The use of an appropriate 
preservation method allows sperm to maintain their quality and fertilising ability 

for a long period of time. The preferred sperm preservation method (i.e., 
cryopreservation or liquid storage) depends on the objective and species. Sperm 

preservation strategies have thus to envisage the species-specific differences 
and the influence of various factors, such as temperature, duration of storage and 

the medium employed.  
 

1.5.1.  Cryopreservation 

The first documented attempts at cryopreserving mammalian sperm date back to 
the 18th century. In 1776, Lazzaro Spallanzani 6 used a microscope to study the 

animalcules present in the semen of various animals and men. He also examined 

the reaction of these animalcules when exposed to different temperatures, and 

observed that some were able to survive and continue swimming even after being 
threatened by low temperatures. This investigation into the effects of temperature 

on biological processes is often cited as one of the earliest examples of 
cryobiology, as Spallanzani was the first to systematically study the survival of 

sperm at ice-forming temperatures (Sztein et al., 2018). It was not until the 20th 

century that the use of glycerol as a cryoprotective agent allowed the successful 

 
6 Lazzaro Spallanzani (1729–1799) was an Italian scientist and catholic priest. He might be 
considered the founder of modern biology, by paving the way for the downfall of the 
leading theory of spontaneous generation. Spallanzani made relevant contributions to the 
study of animal physiology and reproduction (Ariatti and Mandrioli, 1993; Capanna, 1999). 
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cryopreservation of sperm from various species, including horses, cattle, and 
pigs (Yeste, 2016; Sztein et al., 2018). Nowadays, cryopreservation of gametes 

and reproductive tissues is a widely utilised practice in both humans and livestock 

for fertility preservation (Loren et al., 2013). Although this preservation strategy 
can cause cellular damage, the extent of the injuries varies greatly across species 

and is highly dependent on the sperm's resilience to freezing and thawing (Mazur 
et al., 2008; Kopeika et al., 2015).  

 
1.5.1.1. Cryoprotective agents in sperm cryopreservation 

Cryoprotective agents (CPAs) are substances used to protect cells and tissues 

from damage during the process of cryopreservation. They work by decreasing 
the rate at which ice crystals form, reducing the concentration of solutes, and 

stabilising the cell membrane. This helps reduce the severity of cryoinjuries. 
These agents are typically added to the cell suspension before cryopreservation, 

and the optimal concentration of CPA is reliant upon species (Sieme et al., 2016). 

These agents can be further classified as either nonpermeating or permeating, 
based on their ability to pass through the plasma membrane. Nonpermeating 

CPAs are substances that do not cross the cell membrane, but rather work 
extracellularly to prevent ice formation and stabilise proteins and cell membranes 

(Benson et al., 2012). While these solutes are not able to fully protect the cell on 
their own, they can increase the effectiveness of permeating CPAs, allowing a 

decrease in their concentration (Fahy, 1986). Nonpermeating CPAs commonly 

used in freezing extenders include sugars, particularly disaccharides such as 
lactose or trehalose, and egg yolk proteins (Yeste, 2016). When combined with a 

surfactant (i.e., Equex), egg yolk proteins show better protection because this 
chemical facilitates their interaction with the plasma membrane (Holt, 2000; 

Rodriguez-Martinez and Wallgren, 2011). On the other hand, permeating CPAs 
are substances that can pass through the plasma membrane and are relatively 

nontoxic (Yeste, 2016). These agents include glycerol, dimethyl sulfoxide 
(DMSO), ethylene glycol, methanol, and propylene glycol. Permeating CPAs work 

by decreasing the concentration of intracellular electrolytes, which reduces 

osmotic shrinkage at low temperatures (Mazur, 1984; Gao and Critser, 2000). Yet, 
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they can also cause damage to the cell and induce osmotic volume changes at 
temperatures above 5°C. It is thus important that they are able to permeate the 

cell before freezing and be quickly removed upon thawing (Gao et al., 1995). For 

mammalian sperm cryopreservation, glycerol is currently the most effective 
permeating CPA (Yeste, 2015). 

 
1.5.1.2. Sperm cryodamage 

Despite the usage of CPAs, freezing and thawing are known to harm sperm 

because of the phase change of water in both intracellular and extracellular 
compartments (i.e., cryoinjuries; Gao & Critser, 2000). Cryoinjury is defined as the 

cell damage caused by the process of cryopreservation. This damage can be 
provoked by both high and low cooling rates, and the thawing process. High 

cooling rates can result in the formation of intracellular ice crystals, whereas low 
cooling rates can lead to cell dehydration and denaturation of macromolecules 

(Gao and Critser, 2000). Similarly, both slow and fast thawing rates can have 

negative effects, with slow rates heading to recrystallisation and fast rates 
producing osmotic stress (Mazur, 1990; Muldrew and McGann, 1994). Adding 

CPAs to freezing and thawing media, notwithstanding, reduces the extent of 
cryodamage (Gao and Critser, 2000). 

Cryoinjuries have been widely described throughout the past decades, 
being found to exert a detrimental impact upon sperm physiology, such as a 

decrease in motility; induce changes in the composition and biophysical 

properties of the plasma membrane; cause alterations in the levels, localisation, 
function and tyrosine-phosphorylation of sperm proteins; impair mitochondrial 

function; and increase reactive oxygen species (ROS) levels, among many others. 
This wide range of harmful effects impair sperm function and survival, underlying 

a significant decrease in its reproductive performance after thawing (Yeste, 2016). 
It is known that the plasma membrane of mammalian sperm is highly sensitive to 

temperature changes, due to its abundance of unsaturated phospholipids and 
low amount of cholesterol molecules (Casas and Flores, 2013). Accordingly, 

temperatures less than or equal to 5ºC lead to the destabilisation of the sperm 

plasma membrane. As a result, some proteins are translocated and/or lose their 
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function during cryopreservation, thereby being a potential cause of subfertility in 
frozen-thawed sperm (Yeste, 2016). Additionally, these membrane changes may 

lead to capacitation-like changes (i.e., cryocapacitation), causing similar, but not 

completely analogous, events to those occurring during sperm capacitation; 
these changes, therefore, do not entail a true capacitation (Green and Watson, 

2001). Furthermore, the sperm susceptibility to cryoinjuries is understood to be 
species-specific. In this regard, sperm of boars, rams, bulls and stallions are 

particularly sensitive to cryodamage, whereas those of men, rabbits and dogs 
appear to be less susceptible (Grötter et al., 2019). 

 On the other hand, the sperm resilience to cryopreservation procedures 
(i.e., freezability) shows a large variability between ejaculates, which supports 

their classification as “good” or “bad/poor” freezers (GFE and PFE, respectively) 

(Yeste, 2016). Post-thaw sperm quality and fertilising ability are higher in GFE 
than in PFE (Casas et al., 2009), probably because of variations in the content of 

proteins involved in the cell resistance against cryodamage. Although the 
mechanisms underlying the differences between GFE and PFE still remain 

unknown, it is of great interest predicting the freezability of ejaculates before 
undertaking the cryopreservation process. 

 

1.5.2.  Liquid preservation 
As explained above, freezing and thawing can cause cryodamage to sperm cells, 

thus decreasing sperm quality and fertility. It is known, however, that the extent 

of cryoinjuries on sperm cells is species-specific. In order to mitigate the negative 
effects of cryopreservation upon sperm physiology, an alternative method 

consisting of the liquid preservation of sperm at temperatures ranging between 
4°C and 25°C has been investigated over the last decades. While 

cryopreservation allows for the storage of sperm for an indefinite period, liquid 
preservation is able to maintain their viability for several days. This is achieved by 

decreasing the sperm metabolic rate, thus prolonging their lifespan. During liquid 
storage, nonetheless, the metabolic activity of sperm cells is not completely 

arrested, leading to the depletion of available nutrients and the accumulation of 
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metabolic by-products (Maxwell and Salamon, 1993; Waberski et al., 2011; 
Ribas-Maynou et al., 2021).  

The first attempt to preserve sperm in liquid state can be traced back to 

the 1930s. The researchers diluted bovine semen with an egg yolk-phosphate 
extender at a temperature of 10°C, and reported that these cells maintained their 

motility for six days and even gave rise to post-storage successful pregnancies 
(Phillips, 1939). Over the following decades, the formulation of the extenders used 

for semen liquid storage was improved and adapted to different species. 
Nowadays, the majority of AIs in porcine and small ruminants is performed using 

liquid-stored semen preserved at temperatures ranging between 17-25°C 
(Waberski et al., 2019; Henning et al., 2022) and 4-10°C (Maxwell and Salamon, 

1993; Falchi et al., 2018), respectively.  

 
1.5.2.1. Extenders for semen liquid preservation 

Liquid preservation consists of diluting semen in specific media and subsequent 

cooling. To mitigate the negative effects of semen storage, an optimal extender 
must maintain an appropriate pH and have a buffering capacity to protect sperm 

from osmotic and cooling stress as well as prevent the generation or scavenge 
of excessive ROS. Several compounds, including plant extracts, antioxidant 

enzymes, vitamins, seminal plasma fractions, sugars, fatty acids, and caffeine, 
among many others, have been found to improve sperm quality when added to 

semen extenders (Allai et al., 2018; Ribas-Maynou et al., 2021; Silvestre et al., 

2021; Cheng et al., 2022). Currently, there are a large number of semen extenders 
available, but there is a significant variability on the period they are able to 

maintain sperm function and survival. Hence, it is essential to identify suitable 
extenders for liquid preservation of sperm that can maintain their fertilising 

potential for long time. Most inseminations using liquid-stored semen are carried 
out within 72 hours of storage (Bustani and Baiee, 2021). In this regard, most 

semen extenders were designed to maximise sperm quality and fertilising ability 
during the first three days of liquid storage. Yet, liquid storage of semen for longer 

periods (e.g., seven days after collection or even further) with optimal fertilisation 

rates can provide greater efficiencies. For this reason, novel semen extenders for 
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long- (4-7 days) and ultra-long- (>7 days) term storage were developed in pigs 
(Dziekońska et al., 2013). Long- and ultra-long-term preservation of semen in 

liquid state, nevertheless, requires special attention to microbial growth, 

especially at storage temperatures ranging between 17 and 25ºC. Particularly, 
the antimicrobial content of extenders needs to be considered (Hernández-Avilés 

et al., 2019; Pohjanvirta et al., 2020; Tvrdá et al., 2021). 
 

1.5.2.2. Sperm physiology during liquid preservation 

Liquid preservation is known to have multiple effects on sperm, most of which 
are not detectable when using conventional semen evaluation. Liquid storage has 

in effect been reported to exert a detrimental impact on sperm motility, plasma 
membrane integrity, lipid peroxidation and ROS generation (Waberski et al., 2011; 

Falchi et al., 2018), which is known to have a negative repercussion on fertilising 
ability. Special attention needs to be paid to unbalanced levels of ROS, which 

can cause significant oxidative stress (OS) to sperm during liquid preservation 

(Khoi et al., 2021). Mature sperm have limited capacity of balancing ROS due to 
their low concentration of scavenging enzymes in their residual cytoplasm 

(Cerolini et al., 2000; Lenzi et al., 2000; Gavella and Lipovac, 2013; Aitken et al., 
2016). The SP possesses antioxidant properties, which can scavenge ROS and 

protect sperm against OS (Lewis et al., 1995; Barranco et al., 2015b). Diluting 
semen with extenders/preservation media, however, reduces the protective 

capacity of SP. Consequently, the quality of liquid-preserved semen is 

deteriorated over time, and fertilisation rates are known to decrease as storing 
periods increase (Waberski et al., 2011). It can thus be said that liquid storage 

causes a decline in sperm quality and fertilising ability due to an alteration in the 
balance between antioxidants and pro-oxidants, thereby leading to an 

overproduction of ROS and, thus, to OS and lipid peroxidation. Additionally, the 
high amount of polyunsaturated fatty acids (PUFA) in the sperm plasma 

membrane of some mammalian species, such as porcine and small ruminants 
(Gautier and Aurich, 2022), make them particularly susceptible to lipid 

peroxidation, in addition to cold shock. 
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Despite the advances made in preservation methods, the use of liquid-
stored semen to overcome the challenges of distance and time has yet to meet 

some expectations. Cell-physiological differences between species and 

ejaculates, in terms of their ability to withstand preservation, are still challenging. 
In this regard, an evaluation of preservation-induced damage in sperm is of great 

interest to identify differences in their individual storage capacity, to assess the 
effects of different semen liquid preservation strategies, and to predict their 

fertilising ability. 

 
1.6. Redox homeostasis: a double-edged sword 

The physiological mechanisms of sperm are complex and not fully understood, 
with multiple factors contributing to their regulation (Thompson et al., 2013). As 

by-products of oxygen metabolism, ROS are highly reactive oxygen derivatives 
that can be toxic at levels beyond normal physiological concentrations (Ayaz et 

al., 2018; Bui et al., 2018). At physiological concentrations, ROS have been shown 
to mediate essential cellular functions (Thompson et al., 2013), not only facilitating 

intracellular signalling cascades necessary for proper sperm functions, including 
maturation, hyperactivation, capacitation and acrosome reaction, but also 

playing a crucial role in the fertilisation process (Agarwal et al., 2012; Thompson 

et al., 2013). In spite of this, overproduction of ROS has been identified as a 
potentially disruptor of sperm function, which can lead to OS when the generation 

of oxidative agents exceeds the total antioxidant capacity (Halliwell and Cross, 
1994). The balance between oxidants and antioxidants within a cell is known as 

redox homeostasis, and is crucial for maintaining cellular function. An unbalance 
that turns into OS potentially contributes to the development of pathological 

conditions. 

 
1.6.1. Reactive oxygen species (ROS) 

Atoms or molecules that are missing one electron or have only one free electron 

in its outer shell are called radicals. Diatomic oxygen (O2) is a diradical with two 
unpaired electrons in its outer shell, which confers chemical reactivity. Oxygen is 

required for cellular respiration and is essential for cell survival. When oxygen is 
reduced, it can generate the superoxide anion (•O2

−), which is a radical that can 
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interfere with various cellular functions. If the •O2
− gains an electron, it becomes 

peroxide (O2
2−), which is not a free radical (Ford, 2004). The •O2

− dismutation can 

produce hydrogen peroxide (H2O2), an endogenous and non-charged oxidant, 

which is abundant and relatively less reactive (Dutta et al., 2020). In spite of this 
less reactivity, the uncharged nature of H2O2 makes it able to pass through the 

plasma membrane. •O2
− and H2O2 can also undergo a chain of transformations 

through Fenton and Haber-Weiss reactions to form the highly reactive hydroxyl 

radical (OH•). ROS include all free radicals with an oxygen atom and, in some 
cases, H2O2, which is considered a reactive oxygen derivative but not a radical. 

As oxidants, these molecules capture electrons from adjacent cellular structures, 
leading to the disruption of cellular components (Thompson et al., 2013; Dutta et 

al., 2020). 

 
1.6.2.  Source of ROS in seminal plasma and sperm 

Semen is known to contain several endogenous sources of ROS. A major source 

of ROS in semen are peroxidase-positive leukocytes, such as polymorphonuclear 
leukocytes and macrophages. In response to urogenital infections or 

inflammation, these cells are able to generate 100 times more ROS than basal 
conditions. This results in a rise in pro-inflammatory mediators and decreased 

antioxidant capacity, which may contribute to OS through the mechanism of 
respiratory burst (Ford et al., 1997). Dysfunctional sperm, especially those with 

cytoplasmic droplet retention and head morphology abnormalities, are 

recognised to be a major source of ROS in semen (Agarwal et al., 2014). Normal 
sperm are also able to generate ROS through the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase residing in their plasma membrane, as 
well as the NADH-dependent oxidoreductase present in their mitochondria, with 

the Krebs cycle being a major participant in generating ATP and leading to ROS 
production (Gavella and Lipovac, 1992; du Plessis et al., 2015; Aitken, 2017). 

Finally, the presence of pathological reproductive conditions, such as varicocele, 
are thought to cause OS-induced sperm dysfunction. Indeed, a higher incidence 

of OS in semen samples from varicocele-affected patients compared to healthy 

donors has been reported (Agarwal et al., 2006; Cho et al., 2016). Although 



Introduction 

55 

endogenous sources of ROS are understood to induce oxidative damage in 
sperm, there is a range of exogenous sources of ROS that can alter redox balance 

in SP and sperm. Certain types of electromagnetic radiation have been suggested 

to induce ROS generation, leading to the impairment of sperm function (Agarwal 
et al., 2008; Kesari et al., 2018). On the other hand, lifestyle factors, such as 

smoking and alcohol drinking, can induce oxidative damage in sperm, 
compromising their fertilising ability (Dutta et al., 2020). Finally, exposure to 

certain toxins, such as endocrine disruptors or toxic metals, may lead to OS-
induced sperm damage (Sengupta, 2013; Wang and Su, 2018). 

 
1.6.3.  Physiological role of ROS in sperm 

Generation of ROS is a common feature of cells, including mammalian sperm. 

Sperm are mitochondria-containing cells (Henkel, 2011), which are a major 
source of ROS due to electron leakage, triggered by various factors that disrupt 

the electron transport chain and the NADH-dependent oxidoreductases. It is 

acknowledged, however, that physiological levels of ROS mediate essential 
sperm functions. 

 The formation of disulphide bonds in cysteine residues of sperm 
protamines is mediated by ROS to ensure chromatin stability and prevent DNA 

damage (Dutta et al., 2020). Moreover, ROS also play a role in the mitochondrial 
capsule formation, hindering proteolytic degradation of mitochondria (Fujii and 

Tsunoda, 2011; Thompson et al., 2013). Furthermore, epididymal maturation of 

sperm is mediated by cell signalling pathways modulated by ROS levels in the 
so-called fluid (Griveau and le Lannou, 1997; du Plessis et al., 2015). Indeed, ROS 

regulate the redox status of cysteine residues and the activation of sADCY and 
subsequent increase of cAMP levels (Thompson et al., 2013). Accordingly, ROS 

levels in sperm play a key function in the hyperactivation of their motility (Dutta et 
al., 2020). In this regard, ROS levels in sperm are especially important during 

sperm capacitation, by promoting the phosphorylation of tyrosine residues (Donà 
et al., 2011), increasing intracellular cAMP levels (Thompson et al., 2013) and 

activating PKA (Aitken et al., 2015; Aitken, 2017). Moreover, ROS exert a crucial 

task during the acrosome reaction by inducing phosphorylation of the Protein 
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kinase C (PKC) and activating acrosomal enzymes, leading to sperm-zona 
penetration (Thompson et al., 2013; du Plessis et al., 2015). 

In short, ROS at physiological levels are recognised to be essential for 

sperm function, mediating intracellular signalling pathways and regulating key 
processes of sperm such as chromatin condensation, capacitation, 

hyperactivation and acrosome reaction. Excessive ROS generation, however, can 
disrupt redox homeostasis in sperm, exerting detrimental effects on their 

function. In this regard, the balance between ROS generation and the antioxidant 
sperm capacity is of outmost importance and highlights the essential mission of 

antioxidant enzymes in the male gamete. 

 
1.7. Glutathione S-transferases (GSTs) and male (in)fertility 

GSTs are a group of cytosolic and membrane-bound antioxidant isoenzymes. 
These ubiquitous enzymes are known to protect mammalian cells against OS by 

the catalysis of glutathione-dependent reactions intended to remove electrophilic 
substances (Hayes et al., 2005). 

 
1.7.1. GSTs classifications, genetics, and protein structure 

Since the discovery of the GST activity by Combes & Stakelum (1961), several 

antioxidant enzymes catalysing glutathione-dependent reactions have been 
identified and classified into three superfamilies: (i) canonical soluble GSTs, 

ubiquitously present in mammalian cells; (ii) distantly related soluble kappa class 

GSTs, mainly located in mitochondria and peroxisomes; and (iii) hydrophobic 
GSTs (Membrane-Associated Proteins in Eicosanoid and Glutathione 

metabolism; MAPEG), found in microsomal fractions (Deponte, 2013). The major 
representative superfamily in mammalian sperm is that of canonical soluble 

GSTs. Each GST isoform included within the canonical soluble GST superfamily 
is classified based on their variable C-terminal α-helical domain. This 

classification leads to the formation of seven classes: (i) alpha (GSTA), (ii) mu 

(GSTM), (iii) omega (GSTO), (iv) pi (GSTP), (v) sigma (GSTS), (vi) theta (GSTT) and 
(vii) zeta (GSTZ) (Morel et al., 2004; Mannervik et al., 2005). The classification of 

canonical soluble GTSs classes, and all their GST members, are represented in 

Table 2. 
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Table 2. Classification of canonical soluble GSTs. Nucleotide and amino acid lengths 
correspond to the canonical isoform. Data were extracted from (Mannervik et al., 2005; 
O’Leary et al., 2016; Bateman et al., 2017) and the Table was adapted from (Llavanera et 
al., 2020). 

Class Member Chromosome 

Confirmed 

number of 

isoforms 

Nucleotide 

length (bp) 

Amino acid 

length (aa) 

Alpha GSTA1 6p12 2 1,218 222 

GSTA2 6p12 1 1,221 222 
GSTA3 6p12 2 908 222 
GSTA4 6p12 1 1,240 222 
GSTA5 6p12 1 845 222 

Mu GSTM1 1p13 2 1,155 218 
GSTM2 1p13 2 1,166 218 
GSTM3 1p13 1 4,144 225 
GSTM4 1p13 2 1,372 218 
GSTM5 1p13 1 1,561 218 

Omega GSTO1 10q24.3 3 813 241 

GSTO2 10q24.3 4 6,715 243 

Pi GSTP1 11q13 1 986 210 

Sigma GSTS1 4q22.3 1 1615 199 

Theta GSTT1 22q11.2 9 1,109 240 
GSTT2 22q11.2 1 1,231 244 

Zeta GSTZ1 14q24.3 4 1,186 216 

 

 At the genetic level, GSTs have a particular organisation. While the 
members of every GSTs class are encoded by individual genes, these are 

grouped into genetic clusters. This class-clustered genetic organisation of GSTs 

reveals their importance during evolutionary history (di Pietro et al., 2010). In this 
regard, GSTs are known to have homologs in both prokaryotes and eukaryotes, 

establishing their evolutionary origin more than 2.5 billion years ago (Pearson, 
2005). Indeed, this ancient protein superfamily shows a wide taxonomic 

distribution that evidences its essential role along the evolution (Sheehan et al., 
2001). Their particular genetic organisation also addresses a major characteristic 
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of GSTs: their tissue-specific expression pattern (Hayes and Pulford, 1995). It is 
worth mentioning that, despite GSTA2, GSTP1 and GSTMs having been found in 

human testis, GSTM3 is the most abundant isoform in this tissue. In effect, the 

testis has been reported to be, by far, the tissue with the highest levels of GSTM3 
(Listowsky et al., 1998). 

 At the protein level, GST members have a molecular mass of 23-30 kDa, 
composed of 199-244 amino acids (O’Leary et al., 2016; Bateman et al., 2017). 

In the cell, GSTs are active as dimers, either homodimers of the same isoform or 
heterodimers of members of the same class (Mannervik and Jensson, 1982; 

Mannervik et al., 1988; di Pietro et al., 2010). The protein structure of each GST 
subunit consists of an N-terminal domain linked to a C-terminal domain by an α-

helix (Sheehan et al., 2001). The C-terminal domain is known to be extremely 

variable, whereas the N-terminal domain is conserved among isoforms. The 
glutathione-binding site of GSTs (G site) is found within the N-terminal domain, 

thus being highly conserved across classes. The C-terminal domain, however, 
contains the modular binding site for electrophilic substances (H site), thus 

conferring a large heterogeneity to this domain (Sheehan et al., 2001; Deponte, 
2013). 

 

1.7.2. Molecular function of GSTs 
Although one might assume that a phylogenetically ubiquitous protein is 

functionally conserved, GSTs are admitted to have an exceptional functional 

plasticity (Pearson, 2005). Whilst the principal molecular function of GSTs is 
known to be the cell protection against OS by glutathione-dependent reactions 

(Hayes et al., 2005), these enzymes have been reported to exert additional and 
essential roles in cell physiology. 

The main mission of GSTs is the protection of macromolecules from the 
attack of reactive electrophiles via the oxidation of reduced glutathione (GSH) 

(Armstrong et al., 2017). GSH is a tripeptide that can be quickly used as an 
antioxidant. It exists in the reduced (GSH) and oxidised (GSSG) forms, and both 

forms can interact with GSH-related enzymes through the thiol group (–SH) of 

their cysteine (Knapen et al., 1999). The mechanism by which the cell prevents 
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OS through the equilibrium between the generation of electrophilic compounds 

and the antioxidant capacity of GSH is illustrated in Figure 8. 

 

 
Figure 8. GSH-mediated antioxidant mechanism of sperm. Internally and/or externally 
generated electrophilic compounds (EC) interact with the reduced nucleophilic thiol group 
(-SH) of extracellular glutathione (GSH) through a reaction catalysed by glutathione 
transferases (GSTs), thereby neutralising the EC and forming the reaction product (EC-SG). 
The superoxide anion (•O2

−) can be directly eliminated by the GST/GSH system. 
Furthermore, superoxide dismutase (SOD) catalyses the dismutation of •O2

− to hydrogen 
peroxide (H2O2), which is highly reactive and can lead to pathological conditions like lipid 
peroxidation. This molecule may subsequently be eliminated through various mechanisms, 
including: (1) catalysis by catalase (CAT) to transform H2O2 into H2O and O2, (2) reduction 
by peroxiredoxins (PRDX) to H2O and O2, with subsequent re-reduction thanks to 
thioredoxin reductase/thioredoxin (TRD/TRX) and GSTP1/GSH systems, (3) reduction by 
sperm glutathione peroxidases (GPx) via the oxidation of GSH to GSSG and subsequent 
re-reduction by glutathione reductase (GR), (4) formation of the hydroxyl radical (OH·) from 
H2O2 through the Fenton reaction, and (5) direct neutralisation by the GST/GSH system. 
The process requires reducing power (NADPH to NADP+). Figure adapted from Llavanera 
et al. (2020) and created with BioRender. 

 

Apart from acting as antioxidant enzymes, GSTs show additional 
functionalities in eukaryotic cells. On the one hand, GSTs are known to be 

important modulators of cell signalling. GSTP is a direct regulator of the c-Jun N-

terminal kinases (JNK) pathway in response to cellular stress (Adler, 1999). 
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Specifically, cellular stressors can induce the oligomerisation of GSTP and 
subsequent dissociation of the GSTP-JNK complex, thus providing protection 

against cellular stress via activation of specific kinases (Adler, 1999; Yin et al., 

2000). Furthermore, GSTMs are acknowledged to modulate the stress-activated 
signals by suppressing apoptosis signal-regulating kinase 1 (ASK1), which can 

activate JNK (Cho et al., 2001). The C-terminal domain of GSTM1 directly binds 
the N-terminal region of ASK1, suppressing the stress-stimulated ASK1 activity, 

independently from the GSH-conjugating activity of this enzyme (Cho et al., 
2001).  

On the other hand, GSTs are also involved in the biosynthesis of 
prostaglandins and sex steroids. An isoform of the GSTS class was reported to 

function as a hematopoietic prostaglandin D synthase, implicated in the 

biosynthesis of prostaglandin D2 (PGD2) (Kanaoka et al., 1997). Furthermore, 
GSTAs are involved in steroid hormone biosynthesis, since GSTA3-3 was found 

to catalyse the double-bond isomerisation of Δ5-androstene-3,17-dione and Δ5-
pregnene-3,20-dione, which are hormonal precursors of testosterone and 

progesterone, respectively (Johansson and Mannervik, 2001). 
 The variety of molecular functions of GST classes in the cell, therefore, 

makes them critical enzymes for cellular homeostasis. Indeed, specific mutations 

or the absence of specific GSTs have been associated with human diseases such 
as Parkinson and Alzheimer diseases (Li et al., 2003), cardiovascular disorders 

(Maciel et al., 2009) and resistance to chemotherapeutic and carcinogenic 
compounds (Hayes and Pulford, 1995), thus serving as promising therapeutic 

targets and biomarkers for a wide range of human diseases (Townsend and Tew, 
2003).  

 
1.7.3. Expression and localisation of GSTs within the male reproductive tract 

It is known that ROS scavengers are secreted by both sperm and male 

reproductive organs. Among them, several GST isoforms have been identified 
within the male reproductive tract. GSTs have been found in rat (Aravinda et al., 

1995) and human (Klys et al., 1992) testes. As previously mentioned, even though 

GSTA2, GSTP1 and GSTMs are present, GSTM3 is the most abundant isoform 
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in this specific tissue. In effect, testis has thus far been identified the tissue with 
the highest levels of GSTM3 (Listowsky et al., 1998). In rats, SCs seem to be 

responsible for detoxification of germ cells through the secretion of GSTs and 

GSH (Aravinda et al., 1995; Mukherjee et al., 1999). In spite of this, the role of 
Leydig cells in detoxification through GSTs has not been studied. Germ cells, on 

the other hand, are known to synthesise, but do not secrete, GSTs (Mukherjee et 
al., 1999). In mice, Gstm2 expression is high in spermatogonia, but is 

downregulated in mature germ cells (Yu et al., 2003), thus being downregulated 

during sperm development (Paz et al., 2006). 
In addition to being highly expressed in the testis, there is increasing 

evidence for GSTs presence in the epididymis. Different GSTs have been found 
to be expressed in a region-specific manner in the human epididymis, with 

GSTP1 and GSTM3 being present at higher concentrations in the corpus and 
cauda, and GSTM2, GSTM5, and GSTO1 being highly secreted in the caput (Li 

et al., 2010). GSTM2-3 and GSTP1 have been characterised in epididymosomal 

membranes and proposed to bind the sperm surface during epididymal transport 
(Thimon et al., 2008). Another study also observed the incorporation of GSTMs 

into sperm during epididymal maturation, suggesting that epididymal secretions 
may contain GSTs that bind sperm as they migrate through the lumen, which may 

play a role in sperm maturation (Suryawanshi et al., 2011). It is believed that 
sperm-surface GSTs protect cells from OS, which could help improve the survival 

of sperm during epididymal storage (Dacheux et al., 2009).  

The prostate has been found to secrete GSTP1 through prostasomes 
(Utleg et al., 2003), which are believed to support sperm motility and prevent 

premature acrosome reaction (Carlsson et al., 1997; Cross and Mahasreshti, 
1997). Indeed, prostate GSTP1 serves as a prostate cancer biomarker due to the 

abnormal methylation of the gene encoding this antioxidant enzyme in over 90% 
of prostate tumours (Crocitto et al., 2004).  

The presence of GSTs in the sperm of rat, mouse, and human is 
understood since 1978 (Mukhtar et al., 1978). Years later, in the 1990s, other 

researchers identified a member of the GSTM class, with GST activity and 

associated to the fibrous sheath, in rat and mouse sperm (Shaha et al., 1988; 
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Aravinda et al., 1995; Fulcher et al., 1995). In 1998, both Mu- and Pi-GST class 
members were identified on the surface of goat sperm (Gopalakrishnan et al., 

1998), as attached by non-covalent interactions to the sperm plasma membrane 

(Hemachand et al., 2002). Both GSTs classes were also found to undergo 
relocalisation during epididymal maturation in goats, with GSTPs migrating from 

the post-equatorial segment to the anterior acrosome and post-equatorial 
regions, and GSTMs relocating from the entire sperm surface to the sperm head 

(Fulcher et al., 1995). Another GST class, GSTO, was observed in the post-
acrosomal sheath of the perinuclear theca of bovine, porcine, and murine sperm 

(Hamilton et al., 2017; Protopapas et al., 2019). This enzyme has been shown to 
actively participate in nuclear decondensation in mouse sperm, possibly 

facilitated by the reducing power of GSH (Hamilton et al., 2019). 

 

1.7.4. The role of GSTs in male (in)fertility 

Albeit poorly studied, the presence and putative role of GSTs in maintaining 
oxidative homeostasis and physiological status of sperm suggest their relevance 

for male fertility. In this regard, numerous studies showed that GSTM1–/–, GSTP1–

/– and GSTT1–/– genotypes are more common in infertile than in fertile men (Aydos 

et al., 2009; Safarinejad et al., 2010; Vani et al., 2010; Lakpour et al., 2013; 
Kolesnikova et al., 2017). Additionally, three meta-analyses found that GSTM1–/– 

and GSTT1–/– genotypes are a risk factor for idiopathic male infertility (Tang et al., 

2012; Kan et al., 2013; Song et al., 2013). Reduced levels of GSH and decreased 

GPx and GSR activity have been observed in GSTT1–/– sperm, supporting the 
notion that GSTs may play a crucial role for sperm function (Kolesnikova et al., 

2017). There is also evidence suggesting that GSTM1–/– men with idiopathic 

infertility present increased levels of ROS in their SP and sperm (Aydemir et al., 
2007). Based on these data, it has been posited that the infertility phenotype of 

GSTM1–/–, GSTT1–/–, and GSTP1–/– men may be due to the inability of their sperm 

to reduce OS and prevent DNA damage. This hypothesis is supported by the 
finding that GSTM1–/– men exhibit a higher susceptibility to sperm DNA damage 

when exposed to air pollution (Rubes et al., 2007) and that the GSTM1–/– genotype 

is associated with higher levels of PAH-DNA adducts in sperm, which are a direct 
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sign of DNA damage caused by exposure to polycyclic aromatic hydrocarbons 
(Paracchini et al., 2005). A range of proteomic studies have been conducted to 

evaluate sperm GSTM3 as a marker of infertility in humans and pigs. In addition, 

GSTM3 is known to be overexpressed in sperm from infertile men with unilateral 
varicocele (Agarwal et al., 2015b), suggesting a detoxification role for this enzyme 

in these patients. GSTM3 was also found to be increased in the SP from men with 
mitochondria-altered sperm (Intasqui et al., 2015). Finally, it was also reported 

that high levels of GSTM3 in pig sperm are associated with small litter sizes (Kwon 
et al., 2015). 

In summary, sperm GSTs seem to be ubiquitously present in mammals, 
although their localisation pattern is suggested to be variable across species. The 

findings reported in the literature suggest that some GST classes in sperm, mainly 

GSTMs and GSTPs, are linked to infertility in humans and farm animals, and that 
the mechanisms through which GSTM3 is associated with (in)fertility may be 

linked to the regulation of redox homeostasis and cellular signalling. In spite of all 
the aforementioned, and although potentially critical for sperm physiology and 

subsequent male fertility, this group of antioxidant enzymes has been poorly 
studied in both humans and livestock, so that further research is needed to fully 

understand their physiological and molecular role. 
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OBJECTIVES 
 
Against the background stated in the previous section, the main aim of the 

present Doctoral Thesis was to evaluate the physiological role of Glutathione S-

transferases (GSTs) in male (in)fertility in both livestock and humans. For this 
purpose, four specific objectives were set: 

 
1) To characterise the presence and localisation of GSTs in sperm and 

seminal plasma as well as their putative species-specific differences 
in mammals. 

 

2) To explore the role of sperm GSTs in detoxification and regulation of 
cellular signalling in sperm. 

 
3) To evaluate the potential use of GSTs as molecular markers of sperm 

quality, DNA integrity and fertilising ability in humans and farm 
animals. 

 
4) To address whether GSTs are able to predict sperm quality after 

undergoing liquid preservation and cryopreservation procedures. 
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Abstract: Glutathione S-transferases (GSTs) are essential sperm antioxidant enzymes involved in cell
protection against oxidative stress and toxic chemicals, preserving sperm function and fertilising ability.
Artificial insemination (AI) in pigs is commonly carried out through the use of liquid-stored semen
at 17 �C, which not only reduces sperm metabolic activity but also sperm quality and AI-farrowing
rates within the 72 h of storage. While one may reasonably suggest that such enzymes are implicated
in the physiology and maintenance of mammalian sperm function during liquid-storage, no previous
studies conducted on any species have addressed this hypothesis. Therefore, the objective of the
present work was to characterise the presence and function of sperm GSTs in mammalian sperm,
using the pig as a model. In this regard, inhibition of such enzymes by ethacrynic acid (EA) during
semen storage at 17 �C was performed to evaluate the e↵ects of GSTs in liquid-preserved boar sperm
by flow cytometry, immunofluorescence, and immunoblotting analysis. The results of this study have
shown, for the first time in mammalian species, that the inhibition of GSTs reduces sperm quality and
functionality parameters during their storage at 17 �C. These findings highlight the key role of such
enzymes, especially preserving mitochondrial function and maintaining plasma membrane stability.
In addition, this study has identified and localised GSTM3 in the tail and equatorial subdomain
of the head of boar sperm. Finally, this study has set grounds for future investigations testing
supplementation of semen extenders with GSTs, as this may improve fertility outcomes of swine AIs.

Keywords: Mammalian sperm; Ethacrynic acid; GSTs; GSTM3; Boar semen; Liquid-storage

1. Introduction

Pig breeding worldwide is fundamentally based on the use of artificial insemination (AI). Such a
technique is commonly performed through the use of liquid-preserved semen diluted with a proper
extender and stored at 15–20 �C, usually for 1 to 5 days [1]; in some cases, however, media may
preserve sperm up to 12–15 days [2]. Extender composition and low temperatures contribute to
the decrease of sperm metabolic activity, thus maintaining their function and fertilising ability [2].
However, AI-fertility rates using liquid-stored sperm are known to decline within 72 h of its storage [3].

Antioxidants 2020, 9, 100; doi:10.3390/antiox9020100 www.mdpi.com/journal/antioxidants



 

74 

Antioxidants 2020, 9, 100 2 of 16

A wide range of changes occurs during liquid-storage of boar semen, including a decrease in sperm
motility, viability, and plasma membrane stability as well as an increase of oxidative stress (OS),
lipid peroxidation, and apoptotic-like events [3,4].

Reactive oxygen species (ROS) include superoxide anion, hydrogen peroxide, hydroxyl radical,
amongst others, and are naturally produced by the activity of the mitochondrial electron transport
chain. Depending on their concentration, localisation, or exposure time, the e↵ects of ROS may
be both beneficial than harmful [5]. Moreover, OS reflects the imbalance between ROS production
and antioxidant sperm capacity [6]. One of the major causes of the decreased sperm quality in
liquid-preserved boar semen is the OS-related damage [7]. In comparison to somatic cells, mammalian
sperm are highly sensitive to OS due to the high amount of polyunsaturated fatty acids in their plasma
membrane phospholipids and their relatively low antioxidant capacity [8]. Along these lines, any factor
that initiates OS in sperm, such as low levels of antioxidant protection or high levels of ROS, leads to
the induction of upraised OS levels and cell damage as a result of a self-perpetuating redox cycle [9,10].
It has been demonstrated that many antioxidant systems, such as glutathione peroxidases (GPX),
glutathione reductases (GSR), catalase (CAT), superoxide dismutase (SOD), and peroxinreductases
(PRDX), are capable of regulating physiological levels of ROS in sperm, protecting them from OS
(reviewed in [11]). However, the specific role of glutathione S-transferases (GSTs) on mammalian
sperm physiology has not been investigated.

GSTs are postulated as important detoxifying enzymes that catalyse reduced glutathione-dependent
reactions involved in cellular protection against OS and toxic chemicals [12]. The triple role of sperm GSTs
is known to be (i) cell detoxification, which prevents lipid membrane peroxidation and subsequent OS;
(ii) cellular signalling regulation involved in sperm capacitation; and (iii) fertilising ability, since GSTM3
is involved in sperm-zona pellucida binding events (reviewed in [13]). Experiments performed in goats
evidenced that GSTMs are attached to the sperm plasma membrane by non-covalent interactions [14]
and maintain their motility, viability, mitochondrial status, and fertilising ability by preventing lipid
peroxidation, and OS [15]. Furthermore, GSTM3 has been recently established as a fertility [16] and
cryotolerance [17] biomarker in boar sperm. Related to this, while GSTM3 seems to be the main GST
family member in sperm and could play a crucial role in sperm physiology and the maintenance of
their function and quality during liquid-storage, its role in sperm cells is yet to be investigated.

Ethacrynic acid (EA) is a well-known inhibitor of GSTs enzymatic activity that strongly and
specifically inhibits GSTAs, GSTMs, and GSTPs by blocking their substrate-binding site [18,19].
This blocking e↵ect can occur by direct binding of EA to GSTs as a non-substrate ligand [20] or by
conjugation of EA to the thiol group of GSH (EA-GSH), which can be formed either spontaneously or
through a GST-catalysed reaction [21].

Along these lines, mounting evidence suggests the essential role of GSTs, and specifically GSTM3,
in sperm physiology of goat and boar [13,16,22]. Although OS is known to induce detrimental e↵ects
on boar sperm quality parameters during liquid-storage (e.g., impaired motility, viability, and fertilising
capacity), the e↵ects of GSTs during semen storage are yet to be investigated in any species. In this
regard, understanding the e↵ects and mechanisms of sperm GSTs in liquid-storage of boar semen is
of utmost importance, since it may allow improving their preservation and fertilising ability. With
this purpose, inhibition of sperm GSTs activity by EA was performed in order to evaluate the e↵ects
of GSTs in liquid-preserved boar sperm. Sperm quality and functionality parameters (including
motility, mitochondrial membrane potential [i.e., DYm], viability, membrane lipid disorder, acrosome
membrane integrity, apoptotic-like changes, intracellular calcium [Ca2+] levels and superoxide [i.e.,
O2
�•], and peroxide [i.e., H2O2)] levels) were assessed at 0, 24, 48, and 72 h of storage at 17 �C.

Additionally, the presence, localisation, and relative levels of GSTM3 in boar sperm were assessed in
each treatment after 0 and 72 h of storage at 17 �C.
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2. Materials and Methods

2.1. Reagents

Ethacrynic acid (EA; Sigma-Aldrich, Saint Louis, MO, USA) was reconstituted in dimethyl
sulfoxide (DMSO) to a stock solution of 64 mM. Fluorochromes used for flow cytometry analysis were
purchased from Life Technologies (ThermoFisher; Carlsbad, CA, USA) and reconstituted in DMSO,
except for propidium iodide (PI) and peanut agglutinin conjugated with fluorescein isothiocyanate
(PNA-FITC), which were diluted in phosphate-bu↵ered saline 1⇥ (PBS). The antibody against GSTM3
(ref. ARP53561_P050), as well as its specific blocking peptide (ref. AAP53561), were purchased from
Aviva Systems Biology (San Diego, CA, USA). Secondary antibodies for immunoblotting analysis were
goat anti-rabbit and rabbit anti-mouse conjugated with horseradish peroxidase (ref. P0448 and ref.
P0260; Dako, Derkman A/S; Denmark, respectively), whereas that for immunofluorescence analysis
was an anti-rabbit antibody conjugated with Alexa Fluor 488 (ref. A32731; ThermoFisher).

2.2. Animals and Ejaculates

Production of the seminal doses used in this study followed the ISO certification (ISO-9001:2008),
and the authors did not manipulate any animal, but they purchased semen doses from a local farm,
which operates under commercial, standard conditions. Ejaculates from ten healthy and sexually
mature Piétrain boars (n = 10; 1–3 years-old) were provided by an authorised, AI-centre (Grup Gepork
S.L., Masies de Roda, Spain). Boars were fed with a standard and balanced diet with water being
provided ad libitum, and ejaculates were collected twice a week through the gloved-hand method.
Ejaculates were diluted to a final concentration of 30 ⇥ 106 spermatozoa/mL with a commercial
extender (Androstar® Plus, Minitüb Ibérica, S.L.; Tarragona, Spain), and transported at 17 �C to the
laboratory within four hours post-collection. All ejaculates fulfilled the standards of quantity and
quality (>200 ⇥ 106 spermatozoa/mL, 70% motile spermatozoa, and 75% morphologically normal cells).

2.3. Experimental Design

Ten ejaculates (one per boar) were split into two aliquots containing 100 µmol/L of EA and the
same volume of DMSO as a vehicle control group. The concentration of DMSO in all treatments was
0.15% (v:v). Inhibitor concentration was selected based on previous studies [23] and preliminary
concentration tests performed at our laboratory. All samples were stored for 72 h in closed plastic
containers with constantly and gently agitation at 17 �C. Sperm motility and flow cytometry parameters
were evaluated at 0, 24, 48, and 72 h, whereas immunofluorescence and immunoblotting analysis
against GSTM3 were assessed at 0 and 72 h of semen storage at 17 �C.

2.4. Sperm Motility

Prior to sperm motility analysis, 500 µL of each sample was incubated at 37 �C for 10 min.
Subsequently, 5 µL of each sperm sample was placed onto a pre-warmed Makler counting chamber
(Sefi-Medical Instruments, Haifa, Israel). Motility evaluation was performed through a commercial
computer-assisted sperm analysis (CASA) system (Olympus BX41) connected to a computer equipped
with ISAS software (Integrated Sperm Analysis System V1.0; Proiser, Valencia, Spain). The following
sperm motility parameters were provided by the software: total motility, TMOT (%); progressive motility,
PMOT (%); average pathway velocity, VAP (µm/s); curvilinear velocity, VCL (µm/s); straight-line
velocity, VSL (µm/s); linearity, LIN (%); beat-cross frequency, BCF (Hz); amplitude of lateral head
displacement, ALH (µm) and straightness, STR (%). The sperm motility variables used in the present
study were recorded as the percentage of TMOT (average path velocity � 10 µm/sec) and that of motile
spermatozoa showing rapid and progressive movement (straightness � 45%). Three replicates per
sample, with a minimum of 1000 spermatozoa per replicate, were assessed.
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2.5. Flow Cytometry Analyses

Sperm plasma membrane integrity (i.e., viability), membrane lipid disorder, acrosome integrity,
apoptotic-like changes, DYm, intracellular Ca2+ levels, and intracellular levels of O2

�• and H2O2
were evaluated in each treatment and time. Samples were diluted with pre-warmed PBS to a
final concentration of 2 ⇥ 106 sperm/mL in a final volume of 0.8 mL and subsequently stained.
Flow cytometric analysis was conducted using a Cell Laboratory QuantaSC cytometer (Beckman
Coulter; Fullerton, CA, USA) equipped with an argon-ion laser (488 nm) set at a power of 22 mW. Laser
voltage and rate were constant throughout the experiment. Unstained and single-stained samples
for each fluorochrome were used for setting the electronic volume (EV) gain, FL-1, FL-2, and FL-3
PMT-voltages and for compensating spill over the other channels. EV was used to distinguish the
sperm population from debris. Each sample was evaluated three times, with 10,000 events per replicate.
Flow cytometric data analysis was performed using Flowing Software (Ver. 2.5.1; University of Turku,
Finland), as recommended for the International Society for Advancement of Cytometry.

Sperm viability was evaluated using co-staining with SYBR14 (100 nmol/L) and PI (12 µmol/L) [24].
Membrane lipid disorder of sperm was assessed by merocyanine 540 (M540; 2.6 µmol/L) and
YO-PRO-1 (25 nmol/L) co-staining, following the procedure described by Yeste et al. 2014 [25].
Acrosome membrane integrity was assessed by PNA-FITC (2.5 µg/mL), and PI (12 µmol/L) co-staining
according to the modified procedure described by Nagy et al. [26]. Apoptotic-like changes in sperm
were evaluated by Annexin V and PI co-staining, following the recommended procedure from the
Annexin-V-FLUOS Staining Kit (11858777001; Roche Diagnostics, Germany). Levels of DYm were
evaluated through 5,5’,6,6’-tetrachloro-1,1’,3,3’tetraethyl-benzimidazolylcarbocyanine iodide (JC1; 0.3
µmol/L) staining [27]. Sperm head and mid-piece Ca2+ levels were evaluated through the staining
with Fluo3-AM (1 µmol/L) and PI (12 µmol/L) [28,29]. On the other hand, Rhod5-AM (5 µmol/L)
and YO-PRO-1 (25 nmol/L) co-staining was performed in order to evaluate head Ca2+ deposits
exclusively [29–31]. Finally, sperm OS was evaluated by assessing intracellular levels of O2

�• and
H2O2, through staining with hydroethidine (HE; 4 µmol/L) and YO-PRO-1 (25 nmol/L) [32] and
2’,70-dichlorofluorescin diacetate (H2DCFDA; 10 µmol/L) and PI (12 µmol/L) [32], respectively. All flow
cytometry protocols are described in detail in the Additional File 1 in Supplementary Materials.

2.6. Immunofluorescence

Localisation of GSTM3 in boar sperm during liquid preservation was evaluated through
immunofluorescence at 0 and 72 h of storage at 17 �C in each treatment. Samples containing
3 ⇥ 106 sperm/mL were fixed with 2% (w:v) paraformaldehyde and subsequently washed. The di↵erent
slides containing two drops per sample were blocked and permeabilised with a blocking solution
containing 0.25% (v:v) Triton X-100 and 3% (w:v) Bovine serum albumin (BSA) for 40 min. Then, samples
were incubated with a primary anti-GSTM3 antibody (1:250; v:v) overnight. Following this, slides were
washed and incubated with an anti-rabbit antibody (1:500; v:v). Then, 10 µL of Vectashield
mounting medium containing 40,6-Diamidino-2-phenylindole dihydrochloride (DAPI) was added.
Finally, a coverslip was placed, and samples were sealed with nail varnish. In negative controls,
the primary antibody was omitted. For the peptide competition assay, samples were incubated with
GSTM3-specific blocking peptide, which was 20 times in excess with regard to the corresponding
primary antibody. A confocal laser-scanning microscope (CLSM, Nikon A1R; Nikon Corp., Tokyo,
Japan) was used to evaluate all samples.

2.7. Immunoblotting

Boar sperm samples of all treatments at 0 and 72 h of storage at 17 �C were used for Western
blot analysis. In brief, samples were centrifuged twice at 3000⇥ g for 5 min and resuspended in lysis
bu↵er (RIPA Bu↵er, Sigma-Aldrich) prior to incubation in agitation at 4 �C for 30 min. Triple sonication
per sample was carried out, followed by centrifugation at 10,000⇥ g, and the supernatant was stored
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at �80 �C. A detergent compatible method (BioRad; Hercules, CA, USA) was used to quantify total
protein. Ten micrograms of total protein were diluted 1:1 (v:v) in Laemmli reducing bu↵er 2⇥ and
boiled at 96 �C for 5 min before proteins were loaded onto the gel and subsequently transferred onto
polyvinylidene difluoride (PVDF) membranes using Trans-Blot® Turbo™ (BioRad) and blocked with
5% BSA. Blocked membranes were then incubated with the anti-GSTM3 primary antibody (1:20,000;
v:v) overnight. Next, membranes were washed thrice and incubated with the secondary antibody
for an hour with agitation (1:35,000; v:v). Finally, bands were visualised using a chemiluminescent
substrate (ImmobilionTM Western Detection Reagents, Millipore) and scanned with G:BOX Chemi XL
1.4 (SynGene, Frederick, MT, USA). Next, membranes were stripped and blocked prior to incubation
with an anti-↵-tubulin antibody (1:100,000, v:v) overnight. Subsequently, membranes were washed trice
and incubated with an anti-mouse antibody (1:200,000, v:v) for 1 h. Finally, membranes were washed,
visualised, and scanned as described previously. The specificity of the primary antibody was confirmed
through peptide competition assays utilising GSTM3-immunising peptides, 20 times in excess with
regard to the antibody. Bands of three technical replicates per samples were quantified using Quantity
One software package (Version 4.6.2; BioRad), and pattern quantifications were normalized using
↵-tubulin.

2.8. Statistical Analysis

Results were analysed using a statistical package (IBM SPSS for Windows 25.0; Armonk, NY,
USA). First, data were checked for normality and homogeneity of variances using Shapiro–Wilk
and Levene tests, respectively. When required, data were transformed with arcsin

p
x and then

re-assessed for normality and homogeneity of variances. Each statistical case consisted of a separate
biological replicate.

Sperm quality and functionality parameters, as well as the relative content of GSTM3,
were compared between treatments (EA-treated and control spermatozoa) and throughout storage
time (0, 24, 48 and 72 h) with a linear mixed model (repeated measures); within-subjects factor was the
time of storage, between-subjects factor was the treatment, and the random-e↵ects factor was the boar.
The post-hoc Sidak test was used for pair-wise comparisons. Finally, Pearson correlation coe�cients
were calculated between the relative content of the GSTM3 band and quality and functionality
parameters. Data are shown as mean ± SEM. For all analyses, the level of significance was set at p 
0.05.

3. Results

All sperm quality and functionality parameters (total and progressive motility, DYm, viability,
membrane lipid disorder, acrosome membrane integrity, apoptotic-like changes, intracellular Ca2+

levels, and total intracellular O2
�• and H2O2 levels) of semen samples incubated with EA and the

control group were assessed at 0, 24, 48 and 72 h of storage at 17 �C. No di↵erences between groups
were found in any sperm quality and functionality parameter at 0 h of storage at 17 �C.

3.1. Inhibition of GSTs Impairs Sperm Motility and DYm

Motility was assessed by the percentage of total and progressively motile sperm and the VAP at 0,
24, 48, and 72 h of liquid-storage at 17 �C, whereas sperm mitochondrial function was assessed by the
percentage of high DYm resulting from the orange-stained populations (JC1agg) (Figure 1).

Compared to the control group, total and progressive motilities and the VAP of EA-treated sperm
samples dramatically decreased within the first 24 h of liquid-storage and remained low until 72 h of
storage (p < 0.05). On the other hand, a dramatic decrease in the percentage of sperm showing high
DYm was observed in EA-treated samples compared to the control within the first 24 h of liquid-storage
(p < 0.05). Moreover, a strong correlation between total motility and DYm was observed (r = 0.873;
p < 0.01).
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Figure 1. (A) percentages of total motile sperm, (B) percentages of progressive motile sperm, (C) average
pathway velocity (VAP; µm/s), and (D) percentages of high DYm sperm (JC1agg sperm) of semen
samples treated with ethacrynic acid (EA), a glutathione S-transferases (GSTs) inhibitor, and the control
group, assessed at di↵erent evaluation times during liquid storage at 17 �C (0, 24, 48, and 72 h). Di↵erent
letters (a, b) indicate significant di↵erences (p < 0.05) between treatments within storage time.

3.2. Inhibition of GSTs Causes Sperm Plasma Membrane but not Acrosome Damage

Sperm plasma membrane status was characterised through SYBR14/PI, M540/YO-PRO-1,
PNA-FITC/PI, and Annexin V/PI staining (Figure 2). Although no statistically significant di↵erences
in the percentage of viable spermatozoa (SYBR14+/PI-) were found between control and EA-treated
samples at 0, 24, and 48 h of semen storage, a reduced viability was evidenced at 72 h (p < 0.05).

On the other hand, the percentage of sperm with high membrane lipid disorder (M540+/YO-PRO-1-)
was higher in EA-treated samples at 24, 48, and 72 h of liquid-storage (p < 0.05). Related to this,
the percentage of viable membrane-intact sperm (PNA-FITC-/PI-) was used to assess acrosome
membrane intactness, whereas the percentage of viable Annexin V-positive sperm (Annexin V+/PI-)
was used to assess apoptotic-like changes. EA-treated samples did not show either acrosome membrane
damage or apoptotic-like changes at any time-point in comparison to the control group.
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The percentage and fluorescence intensity of viable spermatozoa showing high Ca2+ levels 
(Fluo3+/PI- and Rhod5+/YO-PRO-1-) were used to assess sperm intracellular Ca2+ levels (Figure 3). 
Although no differences in the percentage of Fluo3+/PI- sperm were found, Fluo3+/PI- fluorescence 
intensity in EA-treated spermatozoa was higher in comparison to the control group after 24, 48 and 
72 h of liquid preservation (p < 0.05), showing increased Ca2+ levels in GSTs-inhibited samples. On 
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Figure 2. Percentages of (A) total viable sperm (SYBR14+/PI-), (B) viable sperm with high membrane
lipid disorder (M540+/YO-PRO-1-), (C) viable apoptotic-like sperm (AnnexinV+/PI-) and (D) viable
acrosome membrane-intact sperm (PNA-FITC-/PI-) of semen samples treated with ethacrynic acid (EA),
a glutathione S-transferases (GSTs) inhibitor, and the control group, assessed at di↵erent evaluation
times during liquid storage at 17 �C (0, 24, 48, and 72 h). Di↵erent letters (a, b) indicate significant
di↵erences (p < 0.05) between treatments within storage time.

3.3. Sperm GSTs Are Involved in Ca2+ Homeostasis

The percentage and fluorescence intensity of viable spermatozoa showing high Ca2+ levels
(Fluo3+/PI- and Rhod5+/YO-PRO-1-) were used to assess sperm intracellular Ca2+ levels (Figure 3).
Although no di↵erences in the percentage of Fluo3+/PI- sperm were found, Fluo3+/PI- fluorescence
intensity in EA-treated spermatozoa was higher in comparison to the control group after 24, 48 and
72 h of liquid preservation (p < 0.05), showing increased Ca2+ levels in GSTs-inhibited samples. On the
other hand, percentages of Rhod5+/YO-PRO-1- sperm and Rhod5+-fluorescence intensity did not show
di↵erences between treatments at any time-point of semen storage at 17 �C.
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Figure 3. (A) Percentages of viable spermatozoa showing high intracellular calcium levels in the mid-
piece and head (Fluo3+/PI−), (B) mean Fluo3+ fluorescence intensity of viable spermatozoa showing 
high intracellular calcium levels in the mid-piece and head, (C) percentages of viable spermatozoa 
showing high intracellular calcium levels in the head (Rhod5+/YO-PRO-1–), and (D) mean Rhod5+ 
fluorescence intensity of viable spermatozoa showing high intracellular calcium levels in the sperm 
head of semen samples treated with ethacrynic acid (EA), a glutathione S-transferases (GSTs) 
inhibitor, and the control group, assessed at different evaluation times during liquid storage at 17 °C 
(0, 24, 48, and 72 h). Different letters (a, b) indicate significant differences (p < 0.05) between treatments 
within storage time. 

3.4. Sperm GSTs are Involved in Intracellular ROS Regulation 

Percentages of E+/YO-PRO-1- and DCF+/PI− sperm and fluorescence intensities of E+ and DCF+ 
were assessed to evaluate intracellular levels of O2−● and H2O2 (Figure 4). An increase of O2−● in 
sperm cells due to GSTs inhibition was detected, since E+-fluorescence intensity, although not the 
percentage of E+/YO-PRO-1- sperm, in EA-treated samples was higher than the control at 24, 48, and 
72 h of liquid-storage (p < 0.05). On the other hand, a decrease in the percentage of H2O2-positive 
sperm cells (DCF+/PI− sperm) was found due to GSTs inhibition at any evaluation time (p < 0.05), even 
though the mean fluorescence intensity of DCF+ did not differ from the control group. 

Figure 3. (A) Percentages of viable spermatozoa showing high intracellular calcium levels in the
mid-piece and head (Fluo3+/PI�), (B) mean Fluo3+ fluorescence intensity of viable spermatozoa showing
high intracellular calcium levels in the mid-piece and head, (C) percentages of viable spermatozoa
showing high intracellular calcium levels in the head (Rhod5+/YO-PRO-1–), and (D) mean Rhod5+

fluorescence intensity of viable spermatozoa showing high intracellular calcium levels in the sperm
head of semen samples treated with ethacrynic acid (EA), a glutathione S-transferases (GSTs) inhibitor,
and the control group, assessed at di↵erent evaluation times during liquid storage at 17 �C (0, 24, 48,
and 72 h). Di↵erent letters (a, b) indicate significant di↵erences (p < 0.05) between treatments within
storage time.

3.4. Sperm GSTs are Involved in Intracellular ROS Regulation

Percentages of E+/YO-PRO-1- and DCF+/PI� sperm and fluorescence intensities of E+ and DCF+

were assessed to evaluate intracellular levels of O2
�• and H2O2 (Figure 4). An increase of O2

�• in
sperm cells due to GSTs inhibition was detected, since E+-fluorescence intensity, although not the
percentage of E+/YO-PRO-1- sperm, in EA-treated samples was higher than the control at 24, 48,
and 72 h of liquid-storage (p < 0.05). On the other hand, a decrease in the percentage of H2O2-positive
sperm cells (DCF+/PI� sperm) was found due to GSTs inhibition at any evaluation time (p < 0.05),
even though the mean fluorescence intensity of DCF+ did not di↵er from the control group.
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1−), (B) mean E+ fluorescence intensity of viable spermatozoa showing high superoxide levels, (C) 
percentages of viable spermatozoa showing high peroxide (H2O2) levels (DCF+/PI−), and (D) mean 
DCF+ fluorescence intensity of viable spermatozoa showing high peroxide levels of semen samples 
treated with ethacrynic acid (EA), a glutathione S-transferases (GSTs) inhibitor, and the control group, 
assessed at different evaluation times during liquid storage at 17 °C (0, 24, 48, and 72 h). Different 
letters (a, b) indicate significant differences (p < 0.05) between treatments within storage time. 

3.5. GSTM3 Partially Disappear from the Boar Sperm Mid-Piece during Liquid-Storage 

Localisation of GSTM3 was resolved at 0 and 72 h of storage at 17 °C by immunofluorescence. 
Figure 5 shows representative localisation patterns of GSTM3 in GSTs-inhibited and non-inhibited 
sperm samples at 0 and 72 h of liquid-storage at 17 °C. All sperm cells showed the GSTM3 
fluorescence signal, and the negative control and peptide competition assay confirmed the specificity 
of the GSTM3 antibody. GSTM3 was found to be localized in the mid, principal, and end pieces of 
the tail and the equatorial subdomain of the head in sperm samples at 0 h of liquid-storage. However, 
after 72 h of semen storage at 17 °C, the GSTM3 signal partially disappeared from the mid-piece in 
both the control and GSTs-inhibited samples. 

Figure 4. (A) Percentages of viable spermatozoa showing high superoxide (O2
-•) levels (E+/YO-PRO-1�),

(B) mean E+ fluorescence intensity of viable spermatozoa showing high superoxide levels,
(C) percentages of viable spermatozoa showing high peroxide (H2O2) levels (DCF+/PI�), and (D) mean
DCF+ fluorescence intensity of viable spermatozoa showing high peroxide levels of semen samples
treated with ethacrynic acid (EA), a glutathione S-transferases (GSTs) inhibitor, and the control group,
assessed at di↵erent evaluation times during liquid storage at 17 �C (0, 24, 48, and 72 h). Di↵erent letters
(a, b) indicate significant di↵erences (p < 0.05) between treatments within storage time.

3.5. GSTM3 Partially Disappear from the Boar Sperm Mid-Piece during Liquid-Storage

Localisation of GSTM3 was resolved at 0 and 72 h of storage at 17 �C by immunofluorescence.
Figure 5 shows representative localisation patterns of GSTM3 in GSTs-inhibited and non-inhibited
sperm samples at 0 and 72 h of liquid-storage at 17 �C. All sperm cells showed the GSTM3 fluorescence
signal, and the negative control and peptide competition assay confirmed the specificity of the GSTM3
antibody. GSTM3 was found to be localized in the mid, principal, and end pieces of the tail and the
equatorial subdomain of the head in sperm samples at 0 h of liquid-storage. However, after 72 h of
semen storage at 17 �C, the GSTM3 signal partially disappeared from the mid-piece in both the control
and GSTs-inhibited samples.

3.6. Sperm GSTM3 Content Was Reduced During Sperm Liquid Preservation

Immunoblotting analysis of GSTM3 showed a triple-band pattern of ~25, ~28, and ~48 kDa
in every experimental condition. Peptide competition assay utilising GSTM3 immunising peptide
confirmed both ~25 (GSTM3-A) and ~28 (GSTM3-B) kDa-bands as GSTM3-specific (Figure 6).
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Figure 5. Immunolocalisation of sperm GSTM3. (A, B) control group at 0 h of storage at 17 °C, (C, D) 
control group at 72 h of liquid-storage, (E, F) Ethacrynic acid (EA)-treated spermatozoa at 72 h of 
liquid-storage, (G) negative control, and (H) peptide competition assay. White arrows indicate the 
sperm midpiece. The nucleus is shown in blue colour (DAPI), whereas GSTM3 is shown in green 
(fluorescein isothiocyanate, FITC). Scale bars: A, C, E, H: 30 μm; D, G: 15 μm; B, F: 10 μm. 
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Figure 6. (A) Representative Western blots resulting from the incubation with the GSTM3 antibody 
(Anti-GSTM3) and its loading control (α-tubulin). (B) Western blots resulting from incubation with 
the GSTM3 antibody with GSTM3-blocking peptide (Anti-GSTM3 + blocking peptide) and its loading 
control (α-tubulin). Lanes MW: molecular weight. Lanes C0: control at 0 h of sperm liquid storage. 
Lanes C72: control at 72 h of sperm liquid storage. Lanes E72: EA-treated samples at 72 h of liquid 
storage. 

Figure 5. Immunolocalisation of sperm GSTM3. (A,B) control group at 0 h of storage at 17 �C, (C,D)
control group at 72 h of liquid-storage, (E,F) Ethacrynic acid (EA)-treated spermatozoa at 72 h of
liquid-storage, (G) negative control, and (H) peptide competition assay. White arrows indicate the
sperm midpiece. The nucleus is shown in blue colour (DAPI), whereas GSTM3 is shown in green
(fluorescein isothiocyanate, FITC). Scale bars: A, C, E, H: 30 µm; D, G: 15 µm; B, F: 10 µm.
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Figure 6. (A) Representative Western blots resulting from the incubation with the GSTM3 antibody
(Anti-GSTM3) and its loading control (↵-tubulin). (B) Western blots resulting from incubation with
the GSTM3 antibody with GSTM3-blocking peptide (Anti-GSTM3 + blocking peptide) and its loading
control (↵-tubulin). Lanes MW: molecular weight. Lanes C0: control at 0 h of sperm liquid storage.
Lanes C72: control at 72 h of sperm liquid storage. Lanes E72: EA-treated samples at 72 h of
liquid storage.

As shown in Figure 7, normalised GSTM3-A content was found to be significantly higher than
GSTM3-B after 0 h of storage at 17 �C (p < 0.05). Additionally, at 0 h, GSTM3-A was significantly higher
than GSTM3-A and GSTM3-B after 72 h of storage in control and GSTs-inhibited groups (p < 0.05).
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However, the relative abundance of GSTM3 in GSTs-inhibited samples at 72 h of liquid storage did not
di↵er from the control.
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Pearson correlation coefficients of relative content of GSTM3-A and GSTM3-B at 0 h with sperm 
quality and functionality parameters of liquid-stored sperm at 72 h are shown in Table 1. No 
correlation between the relative abundance of GSTM3-A relative and any sperm quality or 
functionality parameters was found. However, the relative abundance of GSTM3-B was negatively 
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Table 1. Pearson correlation coefficients between the relative GSTM3-A and GSTM3-B abundance at 
0 h and sperm quality and functionality parameters at 72 h of liquid storage at 17 °C. 

Sperm Quality and Functionality Parameters. GSTM3-A GSTM3-B 
% total motile sperm 0.27 −0.93 ** 

% progressively motile sperm 0.18 −0.92 ** 
% high mitochondrial membrane potential sperm (JC1agg) 0.03 −0.87 * 

% total viable sperm (SYBR14+/PI-) −0.15 0.45 
% viable lipid membrane-destabilised sperm (M540+/YO-PRO-1-) 0.29 −0.48 
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% viable apoptotic-like spermatozoa (Annexin V-FITC+/PI-) −0.05 0.34 
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Figure 7. (A) Representative Western blot resulting from incubation with the GSTM3 antibody and
(B) its loading control (↵-tubulin). (C) Relative abundances of ~25 (GSTM3-A) and ~28 (GSTM3-B)
kDa bands as mean ± standard error of the mean in all treatments. Values were normalised using
the ↵-tubulin protein as an internal standard. Each sperm sample (n = 10) was evaluated two times.
CNT 0 h: control at 0 h of sperm liquid storage; CNT 72 h: control at 72 h of sperm liquid storage; EA
72 h: Ethacrynic acid (EA)-treated samples at 72 h of liquid storage. Di↵erent letters (a, b) indicate
significant di↵erences (p < 0.05) between treatments.

3.7. Relative Content of GSTM3 Was Highly Correlated with DYm and Motility

Pearson correlation coe�cients of relative content of GSTM3-A and GSTM3-B at 0 h with sperm
quality and functionality parameters of liquid-stored sperm at 72 h are shown in Table 1. No correlation
between the relative abundance of GSTM3-A relative and any sperm quality or functionality parameters
was found. However, the relative abundance of GSTM3-B was negatively correlated with total and
progressive sperm motility and DYm (JC1agg) (p < 0.05).

Table 1. Pearson correlation coe�cients between the relative GSTM3-A and GSTM3-B abundance at 0
h and sperm quality and functionality parameters at 72 h of liquid storage at 17 �C.

Sperm Quality and Functionality Parameters. GSTM3-A GSTM3-B

% total motile sperm 0.27 �0.93 **
% progressively motile sperm 0.18 �0.92 **

% high mitochondrial membrane potential sperm (JC1agg) 0.03 �0.87 *
% total viable sperm (SYBR14+/PI-) �0.15 0.45

% viable lipid membrane-destabilised sperm
(M540+/YO-PRO-1-) 0.29 �0.48

% viable membrane-intact sperm (PNA-FITC-/PI-) �0.05 0.10
% viable apoptotic-like spermatozoa (Annexin V-FITC+/PI-) �0.05 0.34

% viable high-Ca2+ sperm (Fluo3+/PI-) �0.66 0.88
% viable high-Ca2+ sperm (Rhod5+/YO-PRO-1-) 0.29 0.86

% viable high- H2O2 sperm (DCF++/PI-) 0.02 �0.70

*p < 0.05; **p < 0.01.
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4. Discussion

Preservation of boar semen in liquid storage at 17 �C leads to a decrease in sperm metabolic activity
in order to maintain their function and fertilising ability [2]. However, sperm liquid-preservation
may result in impaired motility, viability, membrane stability, OS, and apoptotic-like changes [3,4].
GSTs in sperm are membrane-attached, detoxifying enzymes [14], which have been considered to be
fertility [16], and cryotolerance [17] biomarkers in boar sperm. Furthermore, previous studies have
shown that extender supplementation with glutathione decreases OS and improves the quality of
boar semen during liquid storage at 17 �C [33]. Such findings suggest that GSTs play a vital role in
maintaining sperm physiology during liquid preservation. However, its e↵ects upon quality and
functionality parameters of sperm have never been investigated. Findings from this work are in
accordance with the aforementioned studies since GSTs-inhibition during boar semen storage was
found to decrease sperm quality and function parameters dramatically.

The most noticeable e↵ect of GSTs-inhibition was evidenced by the complete loss of total and
progressive motility and a significant reduction in VAP within the first 24 h of semen liquid-storage
at 17 �C. Such motility impairment is in agreement with previous studies performed in the goat,
where sperm motility is known to decrease due to GSTs-inhibition [23]. Furthermore, the fact that
GSTM3 was localised along the principal piece of boar sperm supports these results. In addition,
not only did JC1 staining show a dramatic decrease in DYm due to GSTs-inhibition, which was
also described in goat sperm by Hemachand and Shaha [34], but DYm was strongly and positively
correlated with total motility. Correlation between these factors has been extensively reported in the
literature, as adenosine triphosphate (ATP) production [35] and controlled ROS levels [36] are known
to be required for proper sperm motility. Together, these findings suggest that sperm GSTs play an
essential role in regulating mitochondrial function and motility performance during liquid-storage of
boar semen.

The results of the present study have also confirmed that sperm plasma membrane status is
impaired by GSTs-inhibition. Although the percentage of viable sperm was not significantly a↵ected
until 72 h of semen liquid-storage at 17 �C, the percentage of viable sperm with high membrane lipid
disorder dramatically increased within the first 24 h of semen storage. Such findings are in agreement
with previously-reported studies confirming that GSTs function is mainly located in the sperm plasma
membrane [34], and their inhibition causes sperm membrane damage in goat sperm [23]. Along these
lines, the present study provides evidence confirming that membrane-bound GSTs prevent cholesterol
e✏ux and membrane lipid disorder, and thus delay capacitation-like changes in liquid-stored boar
sperm. However, further experiments regarding the specific role of GSTs in sperm capacitation should
be performed in order to clarify their specific role in the changes in the sperm plasma membrane.

Although the inhibition of sperm GSTs during liquid-storage was found to cause sperm membrane
destabilisation, the acrosome membrane remained intact. These findings suggest that despite
GSTs-inhibition increasing the lipid disorder of the sperm plasma membrane and causing capacitation
like-changes in sperm cells, GSTs do not exert a direct e↵ect on the acrosome membrane. On the
other hand, and in agreement with the maintenance of sperm viability during the first hours of semen
storage, apoptotic-like changes in sperm do not increase due to GSTs inhibition. Such results suggest
that GSTs are not involved in apoptotic-like processes in sperm during boar semen liquid-storage.
Likewise, GSTs were found to be involved in sperm intracellular Ca2+ content release. Intracellular
Ca2+ levels from the mid-piece and sperm head were observed to increase within 24 h of semen
storage due to GSTs-inhibition, whereas Ca2+ levels in sperm head did not. These findings indicate
that the inhibition of sperm GSTs augment Ca2+ levels in the sperm mid-piece rather than in the head.
While mitochondrial Ca2+ signalling is not completely understood, such organelles are known to
function as intracellular Ca2+ stores, since the negatively charged mitochondrial matrix can sequester
Ca2+ ions [36]. The impairment of mitochondrial Ca2+ homeostasis due to GSTs-inhibition may be
caused by the destabilisation of mitochondrial membranes. However, further research is required in
order to elucidate this hypothesis. In spite of the aforementioned, these results evidence, altogether,
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the crucial role of sperm GSTs in the regulation of mitochondrial Ca2+ homeostasis during liquid-storage
of boar semen.

Our results also demonstrated that the inhibition of GSTs led to changes in the physiological
ROS levels of sperm during storage at 17 �C. Although the percentage of O2

�•-positive sperm
increased because of GSTs-inhibition, intracellular levels of H2O2 decreased. The fact that the main
ROS source in sperm is thought to reside in the mitochondria [37], which have been shown to be
impaired by GSTs-inhibition, supports the apparent role of GSTs in sperm ROS production. Impaired
mitochondrial activity by GSTs-inhibition may contribute to the formation, but not removal of the
O2
�• in sperm [38], which could explain the high percentage of O2

�•-positive sperm in GSTs-inhibited
samples. Interestingly, while H2O2 is generated by SOD using O2

�• as substrate, H2O2 levels in
GSTs-inhibited sperm were seen to decrease. This apparent contradiction can be easily addressed.
In addition to GSTs, other relevant antioxidant systems in sperm, such as GPX, CAT, and PRDX, have
been shown to modulate physiological H2O2 levels [39]. Furthermore, the formation of H2O2 by
SOD could be reduced due to GSTs inhibition, since this NADPH-dependent enzyme is blocked by
the lack of reducing power caused by mitochondrial impairment. Consequently, the arrest in H2O2
generation but the continuous removal of this electrophilic compound could explain its reduction
during GSTs-inhibition. However, the analysis of NADPH generation would be required in order to
confirm this hypothesis. Along these lines, the inhibition of the detoxification function in sperm GSTs
was found to enhance the formation of O2

�• and to reduce that of H2O2. These results unveil the
essential role played by GSTs, which, together with other antioxidant systems, regulate physiological
ROS levels in sperm and protect them from OS [11]. Therefore, our study could serve as a basis for
further studies aimed at clarifying the specific role of GSTs during sperm capacitation and fertilisation,
as physiological ROS levels are essential for both processes.

Results from the immunoblotting analysis of GSTM3 showed a specific two-band pattern
consisting of ~ 25 (GSTM3-A) and ~ 28 (GSTM3-B) kDa-bands, and a non-specific band of ~48 kDa.
The double-band pattern found in the present work could be caused as a result of post-translational
modifications of GSTM3 such as phosphorylation, acetylation or glycosylation, among others, which
are widely reported in the literature (reviewed by [40]). Quantification of both bands showed higher
relative levels of GSTM3-A than GSTM3-B at 0 h of liquid storage. Furthermore, GSTM3-A at 0 h
showed higher relative levels than GSTM3-A and GSTM3-B after 72 h of liquid storage in control and
GSTs-inhibited samples. Therefore, the results shown herein indicate that a loss of GSTM3 content
occurs during liquid storage at 17 �C. However, inhibition of GSTs does not induce changes in the
GSTM3 content. In this regard, the preservation of boar semen in liquid storage could induce GSTM3
loss and, consequently, impairment of its function. Nevertheless, a specific assay confirming the
presence of post-translational modifications should be performed to gain further insights into the
molecular action of GSTM3 in sperm.

The localisation patterns of GSTs in boar sperm during liquid preservation has been established for
the first time in the present study. Sperm GSTM3 was localised in the mid, principal, and end pieces of
the tail and the equatorial subdomain of the head of samples at 0 h of liquid-storage. This localisation
pattern is similar to that found in the boar [17] and other species, such as the bu↵alo [41]. Moreover,
the localisation of GSTM3 in the sperm tail would contribute to explaining the dramatic e↵ect of
GSTs-inhibition upon sperm motility and mitochondrial function. Interestingly, the GSTM3 signal was
found to be partially reduced from the mid-piece during boar semen liquid-storage in both the control
and GSTs-inhibited samples. Since immunoblotting analysis found GSTM3 content to be reduced
during semen storage, it becomes apparent that such enzyme is lost rather than relocalised from the
mid-piece during liquid-storage. Contrary to the results of the present study, GSTM3 was reported to
relocalise to the mid-piece following boar sperm cryopreservation [17].

Finally, the present study also attempted to find a relationship between sperm quality and
functionality parameters after 72 h of liquid storage and the relative amounts of GSTM3 at 0 h.
Interestingly, a negative correlation between relative levels of GSTM3-B at 0 h and motility and
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mitochondrial function after 72 h of sperm preservation was observed. Mounting evidence in
the literature supports the relationship between GSTM3 and mitochondrial function, since GSTM3
content is known to be higher in mitochondrial-altered sperm of men [42]. Moreover, recent studies
demonstrated that GSTM3 content in fresh sperm is highly correlated to the mitochondrial activity of
frozen-thawed sperm, and relocalisation of this enzyme from the entire tail to the mid-piece occurs
during cryopreservation of boar [17] and bu↵alo [41] sperm. Therefore, the relationship between
GSTM3 content and mitochondrial activity found in the present study strengthens the hypothesis of
a tight molecular relationship between sperm GSTs and mitochondrial function. Moreover, GSTM3
is clearly related to sperm quality, as it has been established as a quality [42–44], fertility [16],
and cryotolerance [17] biomarker in both boar and human sperm. Hence, one could suggest that
the GSTM3 content in fresh boar semen may be used as a biomarker of sperm quality during
liquid preservation.

5. Conclusions

In conclusion, the data reported in the present study revealed the essential role of
membrane-attached sperm GSTs to preserve sperm function and quality in liquid-stored boar semen.
Specifically, inhibition of sperm GSTs evidenced that these enzymes are highly related to the preservation
of mitochondrial function and maintenance of the plasma membrane stability, thus preserving sperm
motility, maintaining physiological ROS levels, and regulating mitochondrial Ca2+ homeostasis.
In addition, this study identified and localised GSTM3 for the first time in boar sperm during storage at
17 �C for 72 h. GSTM3 was localised in the mid, principal and end pieces of the tail and the equatorial
subdomain of the head, and was partially lost from the mid-piece after 72 h of liquid preservation.
Matching with this, immunoblotting showed that the relative amounts of sperm GSTM3 decreased
after 72 h of liquid storage at 17 �C. Additionally, relative GSTM3-content at 0 h of storage was
negatively correlated to sperm mitochondrial function and motility after 72 h of storage, supporting
the mitochondrial-protective role of GSTs and suggesting GSTM3 as a putative biomarker of sperm
quality during semen liquid-storage. Finally, while the molecular role of GSTs on sperm physiology
and specifically on mitochondrial function is yet to be elucidated, the findings reported in this study
warrant further research testing the supplementation of boar semen extender with GSTs, as this may
preserve sperm mitochondrial function and plasma membrane stability during liquid storage and
improve subsequent reproductive performance of boar AI-doses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/2/100/s1,
Additional File 1: supplementary information for Materials and Methods.
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Abstract: Glutathione S-transferases Mu 3 (GSTM3) is an essential antioxidant enzyme whose
presence in sperm has recently been related to sperm cryotolerance, quality and fertility. However, its
role in seminal plasma (SP) as a predictor of the same sperm parameters has never been investigated.
Herein, cell biology and proteomic approaches were performed to explore the presence, origin and
role of SP-GSTM3 as a sperm quality and in vivo fertility biomarker. GSTM3 in SP was quantified
using a commercial Enzyme-Linked Immunosorbent Assay (ELISA) kit specific for Sus scrofa,
whereas the presence of GSTM3 in testis, epididymis and accessory sex glands was assessed through
immunoblotting analysis. Sperm quality and functionality parameters were evaluated in semen
samples at 0 and 72 h of liquid-storage, whereas fertility parameters were recorded over a 12-months
as farrowing rate and litter size. The presence and concentration of GSTM3 in SP was established for
the first time in mammalian species, predominantly synthesized in the epididymis. The present study
also evidenced a relationship between SP-GSTM3 and sperm morphology and suggested it is involved
in epididymal maturation rather than in ejaculated sperm physiology. Finally, the data reported
herein ruled out the role of this antioxidant enzyme as a quality and in vivo fertility biomarker of
pig sperm.

Keywords: pig; fertility; GSTM3; quality; seminal plasma

1. Introduction

Artificial insemination (AI) is one of the major breakthroughs of pig reproductive biotechnology
and has become the main technique for the breeding of this species worldwide, being an essential
tool to achieve productivity challenges in swine industry [1]. Although AI can be performed using
both frozen-thawed and liquid-stored sperm at 17 �C, the latter is used in the vast majority of pig
AI [2,3]. While pig ejaculates are selected on the basis of sperm quality parameters prior to AI
(i.e., motility, morphology and plasma membrane integrity), farrowing rates are often suboptimal
after liquid-storage [3,4]. In this regard, it is estimated that about 6% of spermiogram-normal AI-pigs
are subfertile individuals that remain “hidden,” which could lead to reproductive and economic
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losses [4,5]. Hence, exploring new sperm quality and fertility molecular biomarkers is essential to
improve subfertility diagnosis and subsequent reproductive performance of pig AI-doses.

Pig seminal plasma (SP) is a complex mixture of secretions from testis, epididymis, seminal
vesicles, bulbourethral glands and prostate that provides the physiological conditions for sperm during
and after ejaculation [6]. As a result, SP is essential to preserve sperm metabolism and physiological
status [7]. The complex composition of SP makes it likely to be a promising source of sperm quality and
fertility biomarker candidates. Specifically, the protein fraction of SP has been found to be especially
relevant for both sperm function and interaction with the female genital tract, even being essential
for fertilization (reviewed from Reference [8]). Identification and quantification of di↵erentially
expressed proteins is known as comparative proteomics. The application of this emerging approach
for the identification of novel SP quality and fertility biomarkers is currently flourishing [9]. In this
regard, great e↵orts have been devoted to exploring new biomarkers in pig SP through comparative
proteomics [10–13]. Specifically, recent studies uncovered the role of antioxidant enzymes in SP, such as
glutathione peroxidase 5 (GPX5) and paraoxonase 1 (PON1), as sperm cryotolerance, quality and/or
fertility biomarkers [14–16].

Glutathione S-transferases (GSTs) are essential antioxidant enzymes involved in cellular protection
against oxidative stress, preserving sperm function and fertilizing ability (reviewed in Reference [17]).
Antioxidant enzymes are known to be especially relevant for sperm cells since they are highly sensitive
to oxidative stress due to the high amount of polyunsaturated fatty acids and their relatively low
antioxidant capacity. Recent studies in pig and goat sperm evidenced the significance of GSTs in
mammalian sperm physiology, highlighting their role on preserving mitochondrial function and
maintaining plasma membrane stability [18,19]. Recently, the triple role of sperm GSTs has been
well-established, being involved in cell detoxification, cellular signaling regulation and sperm-zona
pellucida binding events [17]. In addition, previous research, including three recent meta-analysis,
confirmed that some GSTs null-genotypes are a risk factor for male idiopathic subfertility or infertility
in men [20–27]. Specifically, Aydemir et al. [28] reported that men with a specific GST Mu class null
genotype showed increased oxidative stress in SP. Moreover, sperm GST Mu 3 (GSTM3) has been
recently proposed as a quality [18], fertility [29] and cryotolerance [30] biomarker for pig sperm.
Mounting evidence demonstrates the extracellular membrane-attached localization of sperm GSTs
(reviewed from Reference [17]), surmising a potential direct relationship between sperm and SP-GSTM3.
Therefore, SP-GSTM3 is a promising candidate to sperm quality and fertility biomarker.

In this regard, while sperm GSTM3 is well-characterized, the presence and putative function of
seminal plasma GSTM3 (SP-GSTM3) on sperm function and fertility outcomes is yet to be investigated.
Exploring the presence and role of pig SP-GSTM3 as a sperm quality and in vivo fertility biomarker is
of utmost importance since it could improve and facilitate male subfertility diagnosis as well as give us
some new insights into its molecular role as an antioxidant sperm enzyme.

2. Materials and Methods

2.1. Reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.
Fluorochromes were purchased from Molecular Probes (Thermo Fisher Scientific; Waltham, MA, USA).
All reagents are listed in the Table S1.

2.2. Animals and Samples

Semen and tissue samples were provided by an AI Spanish Centre (AIM Ibérica; Topigs Norsvin
Spain SLU; Spain registration number (ES300130640127; August 2006) and European Union registration
number (ES13RS04P; July 2012)). Production of the seminal AI-doses used in this study followed the
current Spanish and European legislation for both commercialization of pig semen and animal health
and welfare. Entire ejaculates were collected from 36 healthy and sexually mature (1–3 years-old)
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AI-pigs of four di↵erent breeds (Duroc (n = 8), Landrace (n = 13), Large White (n = 6) and Pietrain
(n = 9)). A semi-automatic collection method was used (Collectis®, IMV Technologies, L’Aigle, France).
Pigs were undergoing twice semen collections per week at the time of sample obtention.

2.3. Experimental Design

2.3.1. Relationship Between SP-GSTM3 Concentration and Sperm Quality and
Functionality Parameters

Entire ejaculates from 20 AI-boars (one ejaculate per boar) were collected and split into three
aliquots. The first aliquot was used to assess sperm concentration and morphology. The second one
was extended like an AI-dose (30 ⇥ 106 sperm/mL in Biosem+; Magapor S.L., Ejea de los Caballeros,
Spain) and used to evaluate sperm quality and functionality parameters immediately after ejaculate
collection (0 h) and after 72 h of storage at 17 �C. The third aliquot was centrifuged twice at 1500⇥ g
for 10 min at room temperature (RT) to harvest SP. Thereafter, SP samples were examined under a
microscope (Eclipse E400; Nikon, Tokyo, Japan) ensuring the absence of sperm. Finally, SP samples were
immediately aliquoted (3 mL) and stored at �80 �C until thawed for SP-GSTM3 concentration analysis.

2.3.2. Expression of GSTM3 in Boar Testis, Epididymis and Accessory Sexual Glands

In order to uncover the putative contribution of the testis, epididymis and accessory sexual glands
to SP-GSTM3 content, a total of three healthy AI-boars were slaughtered (slaughterhouse La Mata
de los Olmos, Teruel, Spain) for genetic replacement reasons. Genital tracts (medial testis; caput,
corpus and cauda of the epididymis; mid-areas of the prostate; seminal vesicles; and bulbourethral
glands) were dissected out to collect tissue samples (1 cm ⇥ 1 cm and 1 mm thick) and immediately
frozen into liquid nitrogen and stored at �80 �C until Western blot analysis.

2.3.3. Relationship Between SP-GSTM3 Content and In Vivo Fertility of Liquid-Stored Semen Samples

Three entire ejaculates from 16 AI-boars were collected over a 12-month period (one ejaculate
every 4 months). These ejaculates were centrifuged for SP harvesting and the resulting SP-samples
were stored at �80 �C for GSTM3 content analysis. For this 12-month period, weaned multiparous sows
(1–7 litters produced) were cervically inseminated (2–3 times per estrus) using AI-doses (2400 ⇥ 106 of
total spermatozoa in 80 mL Biosem+) from these 16 AI-boars. Sows (Landrace and Large White) were
housed in di↵erent Spanish farms and subjected to the same housing and management conditions.
Fertility parameters, that is, farrowing rate (the proportion of inseminated sows that farrowed) and litter
size (the total number of piglets born per litter), were recorded for this 12-month period. The number
of inseminated sows was 3017 (more than 100 sows per boar).

2.4. Sperm Quality and Functionality Assessment

Sperm concentration, morphology, total and progressive motility, viability and acrosome integrity
were assessed as quality parameters, whereas sperm membrane lipid disorder and intracellular
hydrogen peroxide levels were assessed as functionality parameters.

Sperm concentration was measured automatically using a cell counter (NucleoCounter®

NC-100TM; ChemoMetec, Allerod, Denmark). Sperm morphology was assessed in semen
samples extended (1:1; v:v) with 0.12% formaldehyde saline solution (Panreac, Barcelona,
Spain). Sperm morphology evaluation was performed under a phase contrast microscope at
1000⇥magnification coupled with a SCA® Production software (Sperm Class Analyzer Production,
2010; Microptic S.L., Barcelona, Spain). A total of 200 sperm per sample were evaluated and classified
into the following categories: morphologically normal spermatozoa, acrosome abnormalities, folded
and coiled tails, proximal and distal droplets and abnormal head size and shape. Sperm motility was
assessed through a computer assisted sperm analyzer (CASA, ISASV1®, Proiser R+D S.L., Paterna,
Spain). For this assessment, 5 µL of sperm at 20 ⇥ 106 sperm/mL was loaded onto a pre-warmed (38 �C)
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Makler counting chamber (Sefi Medical Instruments, Haifa, Israel). Two replicates per sample, with a
minimum of 600 sperm per each replicate, were assessed. The recorded sperm motility parameters
were the percentage of motile sperm, with an average path velocity �20 µm/s and the percentage of
sperm with progressive movement, showing a straight-line velocity �40 µm/s. The corresponding
mean ± SEM was subsequently calculated.

Sperm viability, acrosome damage, membrane lipid disorder and intracellular hydrogen peroxide
levels were assessed by flow cytometry. Sperm parameters were evaluated using a BD FACS Canto II
flow cytometer (Becton Dickinson & Company, Franklin Lakes, NJ, USA) in semen samples extended
at 30 ⇥ 106 sperm per mL in Biosem+. Three technical replicates with a minimum of 10,000 sperm
events positive to Hoechst 33342 (H-42) dye per sample were evaluated. Plasma membrane (viability)
and acrosome integrities were assessed by triple-staining using H-42, propidium iodide (PI) and
fluorescein-conjugated peanut agglutinin (PNA-FITC). Sperm samples (100 µL) were incubated with
3 µL of H-42 (0.5 mg/mL in PBS 1⇥), 2 µL of PI (0.5 mg/mL in PBS 1⇥) and 2 µL of PNA-FITC (100 µg/mL
in PBS1⇥) for 10 min at 38 �C in the dark. Following this, sperm samples were diluted in 400 µL of
PBS and subsequently analyzed through flow cytometry. Results were presented as the percentage of
viable sperm (H-42+/PI�) with intact acrosome membrane (PNA-FITC�).

Sperm membrane lipid disorder was assessed by incubating semen samples (50 µL) with 2.5 µL
of H-42 (0.05 mg/mL in PBS 1⇥) and 10 µL of Yo-Pro-1 (2.5 µM in dymetil sulfoxide (DMSO)) for 8 min
at 38 �C in the dark. Next, 26 µL of Merocyanine 540 (M-540, 0.1 mM in DMSO) was added to each
sample prior to incubation for 2 min at 38 �C in the dark. Results were presented as the percentage
of viable sperm (H-42+/Yo-Pro-1�) with high plasma membrane lipid disorder (M-540+). Finally,
intracellular hydrogen peroxide levels were evaluated through the incubation of sperm samples (50 µL)
with 1.5 µL of H-42 (0.05 mg/mL in PBS 1⇥), 1 µL of PI (0.05 mg/mL in PBS 1⇥) and 1 µL of 5- and
6-chloromethyl-2, 7-dichlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA; 1 mM in DMSO)
in 950 µL of PBS for 30 min at 38 �C in the dark. A sample of each semen samples was incubated
with 1 µL of tert-butyl hydroperoxide solution (70% in distilled water) and used as a positive control.
Results are presented as the percentage of viable sperm (H-42+/Yo-Pro-1�) with high intracellular
hydrogen peroxide levels (DCF+).

2.5. Western Blot Analysis

Tissue samples from testis and accessory glands were lysed through a hybrid method combining
both chemical and mechanical lysis. A total of 50 mg of tissue was resuspended in 800 µL of lysis bu↵er
(xTractor™ Bu↵er; Takara Bio, Mountain View, CA, USA) supplemented with 50 U DNase I (Takara
Bio), 1% protease inhibitor cocktail and sodium orthovanadate (700 mM). Samples were vortexed and
incubated for 10 min at 4 �C. Subsequently, samples were disrupted mechanically four times through
a TissueLyser II (Qiagen, Hilden, Germany) set at 30 strokes/s for 5 min at 4 �C. Finally, samples
were centrifuged at 12,000⇥ g for 30 min at 4 �C and supernatants were stored at �80 �C prior to
total protein quantification. Quantification of total protein was carried out in triplicate by a detergent
compatible (DC) method (BioRad). Fifteen micrograms of total protein were resuspended in Laemmli
reducer bu↵er 2⇥ (BioRad) and heated at 95 �C for 7 min. Subsequently, samples were loaded onto a
gradient (8–16%) polyacrylamide gel (Mini-PROTEAN® TGX Stain-FreeTM Precast Gels, Bio-Rad) and
electrophoresed at 150 V for 90 min. Next, total protein was visualized by UV exposition and acquisition
using a G:BOX Chemi XL system (SynGene, Frederick, MD, USA). Following this, proteins from
gels were transferred onto polyvinylidene fluoride (PVDF) membranes using Trans-Blot® TurboTM
(Bio-Rad), which were subsequently blocked in blocking bu↵er (10 mmol/L Tris, 150 mmol/L NaCl and
0.05% Tween-20; pH = 7.3 and 5% bovine serum albumin (Roche Diagnostics, S.L., Basel, Switzerland)
for 1 h at room temperature (RT). Blocked membranes were incubated with primary anti-GSTM3
antibody (ref. ARP53561_P050; 0.05 µg/mL) for 1 h with agitation at RT. Subsequently, membranes
were washed thrice with TBS1⇥-Tween20 (10 mmol/L Tris, 150 mmol/L NaCl and 0.05% Tween-20;
pH = 7.3) and incubated with a secondary anti-rabbit antibody conjugated with HRP for 1 h with



 

95 

Antioxidants 2020, 9, 741 5 of 14

agitation (ref. P0448; 0.025 µg/mL) at RT. Finally, membranes were washed five times and visualized
with a chemiluminescence substrate (ImmobilionTM Western Detection Reagents, Millipore) prior to be
scanned with G:BOX Chemi XL 1.4. A peptide competition assays utilizing 20-fold GSTM3 immunizing
peptide with regard to the antibody was performed to confirm the specificity of the GSTM3-primary
antibody. Three replicates per sample were evaluated.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Porcine GSTM3 in SP-samples was quantified using a porcine-specific competitive ELISA kit
(MBS7260929; MyBioSource, San Diego, CA, USA) following the manufacturer’s guidelines. In brief,
100µL of GSTM3 standards (0, 10, 25, 50, 100, 250 ng of GSTM3/mL) were loaded onto the corresponding
wells to obtain the standard curve. The same volume of SP was loaded onto their corresponding wells.
Then, samples and standards were incubated together with 50 µL of HRP-conjugated GSTM3 for
1 h at 37 �C. Subsequently, wells were washed five times and incubated with the substrate of HRP
enzyme for 15 min at 37 �C. Finally, stop solution was added and the color intensity was measured
spectrophotometrically at 450 nm in a microplate spectrophotometer (BioTek Epoch; BioTek, Winooski,
Vermont, USA). A standard curve relating the absorbance (ABS) to the GSTM3 concentration of
standards was plotted. The logarithmic regression curve was subsequently calculated and the GSTM3
concentration (GSTM3) of each sample was interpolated from the following standard curve:

[GSTM3]= �109.5 ln(ABS)+95, 587 R2 = 0.962. (1)

The ELISA kit was highly specific for porcine GSTM3, with a sensitivity of 1.0 ng/mL and a
detection range of 94–103%. The blank control wells contained PBS 1⇥ (pH = 7.0). All standards and
samples were loaded in duplicate.

2.7. Statistical Analysis

Data were evaluated using a statistical package (IBM SPSS Statistics 25.0; IBM Corp.,
Armonk, NY, USA). First of all, normal distribution and homogeneity of variances were tested
through Shapiro-Wilk and Levene tests, respectively.

Di↵erences of GSTM3 concentration in SP (SP-GSTM3) between breeds were tested through
one-way analysis of variance (ANOVA; factor: breed; independent variable: SP-GSTM3) followed by
post-hoc Sidak for pair-wise comparisons. Correlations between SP-GSTM3 and sperm quality and
functionality parameters evaluated upon ejaculation (0 h) were determined through Pearson coe�cient.
Correlations between SP-GSTM3 and the variations within total and progressive sperm motility,
viability, acrosome damage, intracellular hydrogen peroxide levels and membrane stability throughout
liquid-storage at 17 �C (i.e., 0 vs. 72 h) were also calculated through Pearson correlation coe�cient.

Boar reproductive performance data were corrected for parameters related to farm and sow
through a multivariate statistical model, as described in Broekhuijse et al. [31]. The resulting deviations
in fertility parameters (farrowing rate deviation, FR; and litter size deviation, LS) were used to
classify the 16-AI boars into two groups (high FR and LS; low FR and LS). This classification was
conducted through a hierarchical cluster analysis based on the nearest neighbor approach and the
squared Euclidean distance (SED). Following this, the SP-GSTM3 concentration evaluated with
ELISA was compared between the two fertility groups (i.e., high and low FR/LS) through a t-test for
independent samples.

The level of significance was set at p < 0.05 and data are shown as mean ± standard error of the
mean (SEM).
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3. Results

3.1. Characterisation of Porcine SP-GSTM3

The GSTM3 concentration in SP from pig ejaculates was 61.62 ± 2.18 ng/mL, ranging from 38.26 to
81.82 ng/mL. No di↵erences in SP-GSTM3 concentration levels were found between breeds (p > 0.05):
Duroc (60.64 ± 4.34 ng/mL), Landrace (60.24 ± 3.47 ng/mL) and Pietrain (64.49 ± 3.87 ng/mL) (Figure 1).
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Figure 1. Violin plots showing seminal plasma GSTM3 (SP-GSTM3) concentration levels (ng/mL) and
distribution from ejaculates of di↵erent pig breeds. Duroc, n = 8; Landrace, n = 13 and Pietrain, n = 9.
Dashed line represents the median and dotted lines the 25 and 75% quartiles. No significant di↵erences
(p > 0.05) in SP-GSTM3 concentrations were found between breeds.

3.2. Correlation between SP-GSTM3 and Sperm Quality and Functionality Parameters of Semen Samples

Sperm quality and functionality parameters (mean ± SEM and range) of semen samples assessed
immediately after ejaculation (0 h) are shown in Table 1.

Table 1. Sperm quality and functionality parameters of pig semen samples assessed immediately after
ejaculation (n = 20).

Sperm Quality and Functionality Parameters Mean ± SEM Range (Min–Max)

Ejaculate volume (mL) 619.05 ± 21.28 357–729
Sperm concentration (106 sperm per mL) 171.93 ± 10.85 91.65–256

Viable sperm with intact acrosome (%) 84.73 ± 1.47 72.10–91.60
Motile sperm (%) 76.85 ± 2.03 51–90

Progressive motile sperm (%) 50 ± 2.36 26–66
Normal morphology (%) 77.95 ± 3.14 40–95

Coiled tails (%) 0.30 ± 0.13 0–2
Folded tails (%) 6.25 ± 1.26 0–19

Acrosome abnormalities (%) 3.32 ± 0.95 0–17
Proximal droplets (%) 6 ± 1.55 0–26

Distal droplets (%) 5.45 ± 1.57 0–29
Abnormal head size and shape (%) 0.90 ± 0.35 0–5

Viable sperm with high intracellular H2O2 (%) 30.69 ± 3.58 3.40–56.40
Viable sperm with high plasma membrane fluidity (%) 1.69 ± 0.19 0.50–3.50

Figure 2 shows Pearson correlation coe�cients between SP-GSTM3 concentration and sperm
quality and functionality parameters of semen samples immediately after ejaculation (0 h).
No correlation between SP-GSTM3 concentration and sperm quality and functionality parameters
were found (p > 0.05), except for morphology parameters. The SP-GSTM3 concentration was positively
correlated with the percentage of sperm with normal morphology (R = 0.501; p < 0.05) and negatively
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correlated with the percentages of sperm with proximal droplets (R = �0.454; p < 0.05), distal droplets
(R = �0.604; p < 0.05) and coiled tails (R = �0.574; p < 0.05).
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3.3. Relationship between SP-GSTM3 Concentration and Sperm Resilience to Withstand Liquid-
Storage at 17 �C

Total and progressive sperm motility, viability, acrosome damage, intracellular hydrogen peroxide
levels and membrane stability were assessed at 0 and 72 h of liquid-storage. The di↵erence of the
percentage in each sperm parameter between both evaluation time-points (0 and 72 h) was calculated
to evaluate the putative relationship between the ability of semen samples to withstand liquid-storage
at 17 �C and SP-GSTM3 concentration. Subsequently, the decline of each parameter between 0 and 72 h
and SP-GSTM3 concentrations were compared through Pearson correlations (Figure 3). No significant
correlations between SP-GSTM3 concentration and the di↵erence in percentages of each sperm quality
and functionality parameters between both evaluation time-points were found (p > 0.05).
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3.4. Presence of GSTM3 in SP-Related Testis and Accessory Sexual Glands

Immunoblotting analysis were performed to elucidate the putative contribution of testis,
epididymis and accessory glands on GSTM3 content in SP. As shown in Figure 4, immunoblotting
of GSTM3 reported a single or double-band pattern of ~25 and ~75 kDa, depending on the tissue
type. Specifically, the testis (T) and caput epididymis (HE) showed both ~25 and ~75 kDa-bands,
whereas the corpus (BE) and caput (TE) of the epididymis, the prostate (P) and seminal vesicles (SV)
showed a single ~75 kDa-band. Peptide competition assay confirmed the GSTM3-specificity of all
bands. Remarkably, GSTM3 band-signal intensity was found to be higher in the caput epididymis than
in other accessory sexual glands. However, no GSTM3 signal was found in bulbourethral glands (B).
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Figure 4. Representative Western blot resulting from incubation with the (A) GSTM3 antibody
(Anti-GSTM3), (B) its corresponding peptide competition assay (Anti-GSTM3 + blocking peptide)
and their loading controls (Total protein). MW: molecular weight. T: testis. HE: caput epididymis.
BE: corpus epididymis. TE: cauda epididymis. P: prostate. SV: seminal vesicles. B: bulbourethral glands.
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3.5. Relationship between SP-GSTM3 and In Vivo Fertility Outcomes

A total of 16-AI boars was classified through hierarchical clustering (p < 0.001) into two groups
according to their farrowing rate and litter size deviation (low fertility and high fertility boars). The six
AI-boars that exhibited the highest (n = 3) and lowest (n = 3) farrowing rate (FR) and litter size (LS)
deviation were selected for SP-GSTM3 analysis (Figure 5A). A dot plot of FR and LS deviation showing
the selected individuals from the 16 AI-boars is shown in Figure S1. Farrowing rate and litter size
deviation significantly di↵ered between fertility groups (p < 0.05; Figure 5A). The concentration of
GSTM3 was assessed in SP-samples from three ejaculates of each boar. No di↵erences were found
when comparing SP-GSTM3 concentrations between SP-samples from low (64.66 ± 6.52 ng/mL) and
high (64.66 ± 7.99 ng/mL) fertility groups (p > 0.05) (Figure 5B).Antioxidants 2020, 9, x 9 of 14 
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Figure 5. (A) Mean ± standard error of the mean (SEM) of farrowing rate (FR; lines) and litter size
(LS; squares) deviation of samples classified as low fertility (red) and high fertility (green) boars. The six
Artificial Insemination (AI)-boars were classified as having low (n = 3) or high (n = 3) fertility outcomes
deviation (FR and LS). Di↵erent symbols (*, #) indicate significant di↵erences (p < 0.05) between fertility
groups. (B) Mean ± SEM of the concentration (ng/mL) of GSTM3 in seminal plasma (SP-GSTM3)
were assessed in three ejaculates per boar, categorized as low (red) and high (green) fertility boars.
Di↵erent symbols (•, ⌅, N) represent di↵erent ejaculates from the same boar within a fertility group.
No significant di↵erences in SP-GSTM3 content were found between fertility groups.

4. Discussion

Given the role of sperm GSTM3 as a sperm quality [18], fertility [29] and cryotolerance [30]
biomarker and its extracellular membrane-attached localization in mammalian species (reviewed in
Reference [17]), SP-GSTM3 is likely to be related to those sperm parameters. Therefore, it is reasonable
to suggest that exploring SP-GSTM3 as a sperm quality and in vivo fertility biomarker may improve
the evaluation of reproductive performance of pig AI-doses. To the best of our knowledge, this is the
first report confirming the presence of GSTM3 in SP of mammals, which underpins the contribution of
testis, epididymis and accessory sexual glands to GSTM3 content in SP and assessing the putative role
of SP-GSTM3 as a molecular biomarker.

The results of the present study confirmed the presence and concentration of GSTM3 in SP for
the first time in any species. The average SP-GSTM3 concentration was 61.62 ± 2.18 ng/mL, ranging
from 38.26 to 81.82 ng/mL. As far as we are aware, no information regarding GSTs concentration in SP
has been reported in the literature. However, the mean concentration of GSTM3 in pig SP was higher
from other antioxidant enzymes such as glutathione peroxidase 5 [14] (GPX5; 9.63–30.13 ng/mL) and
paraoxonase 1 [32] (PON1; 0.96–1.67 ng/mL). Another objective of the present study was to compare
SP-GSTM3 levels between pig breeds. Although di↵erences in ejaculate volume, sperm concentration
and percentage of viable sperm have been extensively reported across pig breeds [33], our results did
not show di↵erences in the SP-GSTM3 content between Duroc, Landrace and Pietrain breeds. In this
context, it is worth bearing in mind that the class-clustered organization of GST genes in both plant
and animals reveals their importance during evolutionary history. Furthermore, GSTs are ubiquitous
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and highly conserved enzymes among species (reviewed from Reference [17]). Therefore, the fact that
GSTs are highly conserved proteins would support the similar GSTM3 concentrations found in the SP
of these three pig breeds.

The putative relationship between SP-GSTM3 concentration and sperm quality and functionality
parameters was measured using Pearson correlation coe�cients. While sperm GSTM3 has been
proposed as a quality [18] and cryotolerance [30] biomarker, the role of SP-GSTM3 as a predictor of
quality and functionality of ejaculated sperm had never been explored. Interestingly, in the present
study, no correlations of SP-GSTM3 with ejaculate volume, sperm concentration, motility, viability,
acrosome damage, membrane lipid disorder and ROS levels were found. However, a clear relationship
between SP-GSTM3 and sperm morphology was observed. Specifically, higher concentrations of
GSTM3 in SP were significantly associated to a lower percentage of sperm exhibiting proximal and distal
droplets and coiled tails. Concomitantly, higher SP-GSTM3 levels were related to a higher percentage
of sperm with normal morphology. It is widely known that sperm malformations could have their
origin in the testis (primary malformations) or in the epididymis (secondary malformations) [34,35].
All sperm abnormal morphologies related to SP-GSTM3 (proximal and distal droplets and coiled
tails) are categorized as secondary malformations and therefore are a result of an inadequate or
poor epididymal maturation. Cytoplasmatic droplets are originated in the testis and move distally
during epididymal maturation [35,36]. Both distal and proximal droplets are considered as sperm
malformations since they have been related to male infertility in domestic species and indicate the
failure of epididymal maturation (reviewed from References [35,36]). On the other hand, coiled tails are
formed during sperm epididymal maturation, probably because of the weakness of dense fibers [37].
Other studies in men showed significant correlations between sperm morphology and the content
and/or activity of some antioxidant enzymes in SP such as superoxide dismutase (SOD), catalase (CAT)
and GPX [38,39]. Against this background, it is suggested that GSTM3 in SP plays a key role during
epididymal maturation and is proposed as a sperm morphology biomarker candidate. However,
further research regarding its molecular role upon sperm epididymal maturation is required to confirm
this hypothesis.

Immunoblotting analyses of the testis, epididymis and accessory glands were performed to
elucidate their contribution to SP-GSTM3 secretion. The presence of GSTM3 was confirmed by a
double-band pattern of ~25 and ~75 kDa in the testis and cauda epididymis and a single band of
~75 kDa in the corpus and cauda epididymis, the prostate and seminal vesicles. No GSTM3-signal
was found in bulbourethral glands. Previous studies in pigs reported a single band of ~25 kDa in
sperm samples [29,30], which corresponds to its molecular mass. The GSTM3-specific ~75 kDa-band
reported herein in tissue samples could be attributed to either GSTM3 homo- or hetero-trimerization;
however, further research to confirm this hypothesis is much warranted. Expression of GSTM3 was
found to be higher in the epididymis than the testis and accessory glands. As aforementioned, SP is a
mixture of secretions from the testis, epididymis and accessory sexual glands. In this regard, the testis,
epididymis and accessory glands, except for bulbourethral glands, contribute to GSTM3 content in SP.
Moreover, the fact that SP-GSTM3 is mainly synthesized in the epididymis is an evidence that would
support the role of this enzyme during epididymal maturation and the occurrence of secondary sperm
morphology abnormalities. Accordingly and based on the results of the present study, poor synthesis
of GSTM3 in the epididymis could lead to an inadequate epididymal maturation of sperm, which could
be detected in SP.

The ability of SP-GSTM3 of predicting sperm resilience to withstand liquid-storage at 17 �C was
assessed for the first time in any mammalian species. Considering that other antioxidant enzymes in
SP such as GPX5 or SOD have shown to be quality predictors of AI-doses during liquid-storage [14,40],
GSTM3 would also be expected to be a good biomarker. Although recent reports showed sperm-GSTM3
as a biomarker of sperm resilience to withstand liquid-storage and cryopreservation [18,30], our findings
did not find SP-GSTM3 to be a good predictor. In e↵ect, the results reported herein did not show
significant correlations between SP-GSTM3 concentrations and the decline in sperm quality and
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functionality parameters during liquid-storage of semen at 17 �C. Di↵erent studies in goats and pigs
showed the importance of sperm membrane-attached GSTM3 for mitochondrial function, plasma
membrane stability and oxidative regulation [18,19], thus evidencing its molecular role in sperm
physiology. The lack of correlation between SP-GSTM3 content and the sperm resilience to withstand
liquid-storage would indicate the absence of molecular e↵ects of this antioxidant enzyme upon sperm
physiology. It is hypothesized that the presence of GSTM3 in SP could correspond to the remaining
content of its activity in the epididymis during sperm maturation, rather than being physiological
active upon ejaculated sperm.

Finally, the role of SP-GSTM3 to be an in vivo fertility biomarker was explored. The relevance
of antioxidant enzymes from SP as fertility biomarkers is not clear, since it has been found to di↵er
between molecular types. Recent studies showed the importance of SP-GPX5 as a relevant fertility
biomarker of pig semen [14], whereas SOD turned out not to be related to sperm fertilizing ability [40].
Although sperm GSTM3 was stablished as an in vivo fertility biomarker in pigs [29], the results of
the present study did not show any e↵ect of SP-GSTM3 concentration upon in vivo fertility outcomes
of AI-boars. However, the ejaculates used here were obtained from an AI-center, which selects
their boars on the basis of their reproductive performance. Therefore, the good fertility of the boars
used in this study could mask the real e↵ects of SP-GSTM3 on its fertility. Conducting similar
experiments using non-selected species, such as humans, is recommended to confirm our results in
other mammalian species.

5. Conclusions

In conclusion, the data reported in the present study established the presence and concentration of
GSTM3 in pig SP, remaining similar between boar breeds. On the other hand, SP-GSTM3 was reported
to be predominantly synthesized in the epididymis and its concentration was found to be negatively
correlated to abnormal sperm morphology. Indeed, low GSTM3 content in SP, mainly synthesized
during sperm transport through the epididymis, was found to be related to increased percentage of
secondary sperm malformations (coiled tails and proximal and distal droplets). Moreover, a lack
of correlation between SP-GSTM3 content and the resilience of sperm to withstand liquid-storage
was also observed. While SP-GSTM3 is thus suggested to have a molecular role during epididymal
maturation rather than being involved in the physiology of ejaculated sperm, further studies using
GSTs inhibitors are required in order to confirm this hypothesis. Finally, whilst the findings of the
present study supported the use of SP-GSTM3 as a good sperm morphology predictor, they ruled out
its relationship with other sperm quality parameters or with boar reproductive performance.
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Insemination (AI)-boars. The three AI-boars selected for seminal plasma GSTM3 quantification and classified as
having the lowest (n = 3) fertility outcomes deviation (FR and LS) are shown as red dots, whereas 3 AI-boars
classified as having highest (n = 3) fertility outcomes deviation (FR and LS) are shown as green dots. Table S1: List
of reagents, sources and identifiers used in the study.
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Abbreviations

AI Artificial insemination
SP Seminal plasma
BE Corpus epididymis
BE Bulbourethral glands
CM-H2DCFDA 5- and 6-chloromethyl-2, 7-dichlorodihydrofluorescein diacetate acetyl ester
DMSO Dymetil sulfoxide
ELISA Enzyme-linked immunosorbent assay
FITC Fluorescein isothiocyanate
FR Farrowing rate
GPX5 Glutathione peroxidase 5
GSTM3 Glutathione S-transferase Mu 3
GSTs Glutathione S-transferases
H-42 Hoechst 33342
HE Caput epididymis
LS Litter size
M540 Merocyanine 540
P Prostate
PI Propidium iodide
PNA Peanut agglutinin
PNA Peanut agglutinin
PON1 Paraoxonase 1
PVDF Polyvinylidene fluoride
RT Room temperature
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Abstract

Background: Cryopreservation is currently the most efficient method for long-term preservation of mammalian
gametes and is extensively used in swine artificial insemination (AI) centres. However, it is well-known that
cryopreservation procedures induce changes in the water phase in both intra and extracellular compartments,
which alter the content and localisation of several proteins and ends up curtailing the structural integrity of
functional sperm (i.e., cryoinjuries). Alterations and deficiencies of sperm-oocyte binding proteins during gamete
recognition are one of the causes of reproductive failure both in vitro and in vivo. In this sense, characterisation of
cryopreservation effects upon oocyte-binding proteins of sperm, such as IZUMO1 and GSTM3, is essential when
assessing the impact of this technique in swine reproduction.

Results: Cryopreservation was found to induce changes in the localisation of IZUMO1 and GSTM3 in boar sperm.
However, the relative content of both proteins was not altered after thawing. Furthermore, whereas IZUMO1
content was found not to be related to the cryotolerance of boar sperm, GSTM3 content was observed to be
higher in poor (PFE) than in good (GFE) freezability ejaculates in both pre-frozen (1.00 INT·mm2 ± 0.14 INT·mm2 vs.
0.72 INT·mm2 ± 0.15 INT·mm2; P < 0.05) and post-thawed (0.96 INT·mm2 ± 0.20 INT·mm2 vs. 70 INT·mm2 ± 0.19
INT·mm2; P < 0.05) samples. Moreover, GSTM3 levels were found to be higher in those spermatozoa that exhibited
low mitochondrial activity, high reactive oxygen species (ROS) production, and high membrane lipid disorder post-
thaw (P < 0.05).

Conclusions: The difference in GSTM3 content between GFE and PFE, together with this protein having been found
to be related to poor sperm quality post-thaw, suggests that it could be used as a cryotolerance marker of boar
spermatozoa. Furthermore, both IZUMO1 and GSTM3 relocate during cryopreservation, which could contribute to the
reduced fertilising capacity of frozen-thawed boar sperm.

Keywords: Boar, Cryopreservation, GSTM3, IZUMO1, ROS, Sperm

Introduction
Sperm cryopreservation is currently the most efficient
method for long-term storage of mammalian gametes
for artificial insemination (AI). In spite of this, freezing
and thawing processes are known to harm spermatozoa
(i.e., cryoinjuries) because of the phase change of water
in both intracellular and extracellular compartments [1].
Cryoinjuries cause detrimental effects on sperm motility
and plasma membrane integrity. They also lead to

changes in sperm protein levels, localisation, function
and tyrosine-phosphorylation; alterations of mitochon-
drial function, and high ROS production, among many
others [2]. This wide range of cryoinjuries impair sperm
function and survival, underlying a significant decrease
in the reproductive performance after thawing [1]. Fur-
thermore, boar sperm are more susceptible to damage
by the freeze-thaw process than sperm from other spe-
cies [3], which leads to a decrease in the use of this tech-
nique for swine sperm preservation.
It is well known that boar sperm plasmalemma is

highly sensitive to temperature changes, due to the
abundance of unsaturated phospholipids and to the low
amount of cholesterol [4]. As a result, temperatures
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lower than or equal to 5 °C lead to the destabilisation of
sperm plasma membrane [2]. In turn, this leads to pro-
tein translocation and/or loss of function, thereby being
a potential cause of subfertility in frozen-thawed sperm
[2]. In pigs, as in other species, differences in the ability
to withstand freeze-thawing processes have been found
between ejaculates. This has led ejaculates to be classi-
fied as good freezability ejaculates (GFE) or poor freez-
ability ejaculates (PFE) [5, 6].
Among other factors, male subfertility has been associ-

ated to genetic abnormalities [7] and low levels of
sperm-oocyte binding proteins [8]. For successful fertil-
isation to occur, sperm must be able to bind and pene-
trate the zona pellucida (ZP) of the oocyte, and then
bind and fuse to the oocyte plasma membrane. It is evi-
dent then that any alteration that inhibits sperm from
carrying out these processes would result in male subfer-
tility or infertility. Several sperm proteins, such as
ADAM family members [9], PH-20 [10], TMEM95 [11],
IZUMO1 [12] and GSTM3 [13, 14], have been shown to
play an essential role for oocyte binding. Thus, improper
expression and/or localisation of such proteins due to
cryopreservation procedures is likely to lead to subferti-
lity because of a failure in oocyte recognition. Two es-
sential fertility-related proteins of boar sperm, which
may be altered by cryopreservation procedures and in
consequence impair sperm fertilising ability, are
IZUMO1 and GSTM3.
IZUMO1 is a member of the immunoglobulin super-

family (IgSF) which was discovered for the first time in
mouse as an essential sperm-oocyte binding protein [12]
through the interaction with its oocyte receptor JUNO
(Folate receptor 4, FOLR4) after acrosome reaction [15].
While studies in bull sperm by Fukuda et al. [16] showed
no changes in the relative IZUMO1-content in response
to cryopreservation, they reported an aberrant transloca-
tion of this protein to the whole equatorial or acrosomal
regions in acrosome-exocytosed sperm, resembling to the
pattern observed in in vitro capacitated and acrosome-
reacted sperm. In pigs, Kim et al. [17] reported that
IZUMO1 is mainly located at the equatorial segment and
inner acrosomal membrane of capacitated sperm.
On the other hand, glutathione S-transferase Mu 3

(GSTM3) is a member of a large group of cytosolic,
membrane-bound multi-gene and multi-functional isoen-
zymes that catalyse a number of reduced glutathione-
dependent reactions which are involved in cellular protec-
tion against oxidative stress and toxic chemicals [18]. It is
known that Mu members of the glutathione S-transferase
family are attached to the sperm plasma membrane via
non-covalent interactions and their activity is mainly re-
stricted to the plasma membrane rather than other com-
partments (e.g. mitochondria) [13, 19]. In mammalian
sperm, membrane-bound GSTM3 is involved in the

prevention of oxidative stress [20] and in the fertilisation
of the oocyte through its interaction with ZP4 [14]. Kwon
and colleagues [21] found that, in boar sperm, higher
levels of GSTM3 are associated to smaller litter sizes.
Moreover, Kumar et al. [22] showed that cryopreservation
reduces GSTM3-content and induces its relocation from
the connecting, mid, principal and end pieces, to the mid-
piece in buffalo sperm after freeze-thawing.
Despite the clear role IZUMO1 and GSTM3 on sperm

fertility, there is no literature available on their localisa-
tion pattern in fresh boar sperm, nor on the effects of
cryopreservation upon their relative content and local-
isation. Thus, this work sought to elucidate the effects of
cryopreservation on the presence, content and localisa-
tion of IZUMO1 and GSTM3 in boar sperm, as this may
contribute to our understanding of the reduced fertility
of frozen-thawed sperm. In addition, the ability of these
proteins to serve as predictors of sperm cryotolerance
was also explored.

Materials and methods
Boars and ejaculates
Twelve different ejaculates from different sexually ma-
ture Piétrain boars (n = 12) were purchased from an AI
centre (Grup Gepork S.L., Masies de Roda, Spain). Ejac-
ulates were collected using the gloved-hand method, di-
luted 1:2 (v:v) using a commercial extender (Vitasem
LD; Magapor S.L., Zaragoza, Spain), packed in bags and
transported at 17 °C to the laboratory within 5 h post-
collection.
Upon arrival, each ejaculate was split into four ali-

quots. The first one was used to assess pre-frozen sperm
quality, whereas the second and third aliquots were used
for Western blot and immunofluorescence analysis, re-
spectively. Finally, the fourth aliquot was stored at 17 °C
until its cryopreservation the following day.

Sperm cryopreservation
The fraction intended for cryopreservation was proc-
essed following the protocol described by Prieto-
Martínez et al. [23], with minor modifications. Briefly,
samples were split into 50mL tubes and centrifuged at
2400×g at 15 °C for 3 min. Then, supernatants were dis-
carded and sperm pellets were pooled and resuspended
to a final concentration of 1.5 × 109 spermatozoa per mL
with lactose-egg yolk freezing medium (LEY; 80% (v:v)
lactose [0.31 mol/L; Sigma-Aldrich, St. Louis, MO,
USA], and 20% (v:v) egg yolk). Samples were cooled
down to 5 °C for 120 min and diluted to a final concen-
tration of 1 × 109 spermatozoa per mL with LEYGO
medium (6% glycerol [Sigma-Aldrich] and 1.5% Orvus
ES paste [Equex STM; Nova Chemical Sales Inc., Scitu-
ate, MA, USA]). Then, sperm were loaded into 0.5 mL
straws (Minitub Ibérica, S.L.; Tarragona, Spain) and
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placed in a controlled-rate programmable freezer (Ice-
cube 14SB; Minitub Ibérica, S.L.). Cooling rates and
times were those used by Casas et al. [6]: 100 s from 5 °C
to − 5 °C at a rate of − 6 °C per min, 113 s from − 5 °C to
− 80 °C at a rate of − 39.82 °C per min, 30 s at − 80 °C
(no temperature variation), and 70 s from − 80 °C to −
150 °C at a rate of − 60 °C per min. Finally, straws were
plunged into liquid nitrogen (− 196 °C) and stored.
For thawing, three straws per ejaculate were placed into

a water bath at 38 °C with vigorous shaking for 10 s. The
straw content was diluted 1:3 with pre-warmed Beltsville
Thawing Solution (BTS) [24]. Finally, frozen-thawed sam-
ples were placed at 38 °C and sperm quality was assessed
after 30 and 240min of incubation. Additionally, Western
blot and immunofluorescence analysis of cryopreserved
sperm were performed 30min post-thaw.

Flow cytometry analyses
Four sperm parameters (plasma membrane integrity,
sperm membrane lipid disorder, mitochondrial mem-
brane potential and intracellular levels of superoxides
[O2

−▪]) were evaluated. All sperm samples were diluted
with phosphate buffered saline 1× (PBS) to a final con-
centration of 5 × 106 cells per mL in a final volume of
0.6 mL before they were stained with the corresponding
protocol. The flow cytometry assessments were con-
ducted using a Cell Laboratory QuantaSC cytometer
(Beckman Coulter; Fullerton, CA, USA), and samples
were excited with an argon ion laser (488 nm) set at a
power of 22 mW. A total of three technical replicates,
with a minimum of 10,000 events per replicate, were
evaluated for each ejaculate and sperm parameter.
Flowing Software (Ver. 2.5.1; University of Turku,
Finland) was used to perform flow cytometric data ana-
lysis, following the recommendations of the Inter-
national Society for Advancement of Cytometry (ISAC).
The corresponding mean ± standard error of the mean
(SEM) was subsequently calculated. Sperm viability was
evaluated by assessing their membrane integrity using
the SYBR14/PI according to the protocol of Garner and
Johnson [25]. Membrane lipid disorder of pre-frozen
and frozen-thawed sperm was evaluated by M540 and
YO-PRO-1 co-staining, following the procedure of
Rathi et al. [26] with minor modifications by Yeste et
al. [27]. Mitochondrial membrane potential of pre-
frozen and frozen-thawed sperm was evaluated follow-
ing a protocol modified from Ortega-Ferrusola et al.
[28], assessed through JC-1 staining. Finally, sperm oxi-
dative stress was evaluated by assessing intracellular
levels of hydrogen superoxides (O2

−▪) through co-
staining with HE and YO-PRO-1, following a modifica-
tion of the procedure described by Guthrie and Welch
[29]. All protocols are described in detail in
Additional file 1.

Sperm motility
Sperm motility was evaluated using a commercial com-
puter assisted sperm analysis (CASA) system consisting
of a phase contrast microscope (Olympus BX41) at 100×
magnification (Olympus 10× 0.30 PLAN objective lens;
negative phase-contrast field) connected to a computer
equipped with ISAS software (Integrated Sperm Analysis
System V1.0; Proiser, Valencia, Spain). Three replicates
per sample, with a minimum of 1000 spermatozoa per
replicate, were assessed placing 5 μL of each sperm
sample onto a pre-warmed Makler counting chamber
(Sefi-Medical Instruments, Haifa, Israel). The recorded
sperm motility parameters provided by the software
were sperm progressive motility (PMOT, %); curvilinear
velocity (VCL, μm/s); average path velocity (VAP, μm/s);
straight line velocity (VSL, μm/s); amplitude of lateral
head displacement (ALH, μm); beat cross frequency
(BCF, Hz); linearity (LIN, %); and straightness (STR, %).
A sperm cell was considered to be motile when VAP
was higher than 10 μm/s. The corresponding mean ±
SEM was subsequently calculated.

Western blot analysis
Pre-frozen and frozen-thawed boar sperm were used for
Western blot analysis. Samples were centrifuged and re-
suspended in lysis buffer. Following this, samples were
incubated in agitation at 4 °C for 30 min. After incuba-
tion, all samples were sonicated thrice, centrifuged at
10,000×g and stored at − 80 °C prior to protein quantifi-
cation. Quantification of total protein in all samples was
carried out in triplicate by a detergent compatible (DC)
method (BioRad).
Ten micrograms of total protein were resuspended in

Laemmli reducer buffer 2× and boiled at 96 °C before
proteins were loaded onto the upper stacking gel. After,
electrophoretic protein separation, proteins from the gel
were transferred onto polyvinyl fluoride membranes
(Immobilion-P; Millipore, Darmstadt, Germany) using
Trans-Blot® Turbo™ (BioRad). Blocked membranes were
then incubated overnight with primary antibodies: anti-
IZUMO1 polyclonal rabbit antibody (ref. NBP1–83086;
Novus Biologicals, Littleton, CO, USA; 1:10,000; v:v) or
anti-GSTM3 polyclonal rabbit antibody (ref. ARP53561_
P050; Aviva Systems Biology, San Diego, USA; 1:20,000;
v:v). Next, membranes were washed and incubated with
secondary goat anti-rabbit antibody conjugated with
horseradish peroxidase (HRP; Dako, Derkman A/S;
Denmark) for an hour with agitation (1:15,000 (v:v) dilu-
tion for IZUMO1 and 1:25,000 (v:v) for GSTM3).
Finally, membranes were washed and bands were visua-
lised with a chemiluminescent substrate (ImmobilionTM
Western Detection Reagents, Millipore) and scanned
with G:BOX Chemi XL 1.4 (SynGene, Frederick, MT,
USA).
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Following these steps, the membranes were stripped
by incubation with agitation at room temperature with a
stripping buffer. Next, stripped membranes were blocked
and then incubated overnight with anti-alpha-tubulin
monoclonal mouse antibody (ref. MABT205, Millipore;
1:100,000, v:v). Thereafter, membranes were washed and
incubated with secondary anti-mouse HRP–conjugated
polyclonal rabbit antibody (ref. P0260; Dako; 1:150,000,
v:v) for 1 h. Finally, membranes were washed, incubated
with Immobilon Western Chemiluminescent HRP Sub-
strate (Millipore) and scanned with G:BOX Chemi XL
1.4 (SynGene).
Three technical replicates per sample were evaluated

and bands were quantified using Quantity One Version
4.6.2 software package (BioRad). Pattern quantifications
were normalized using alpha-tubulin, and the corre-
sponding mean ± SEM of each sample was subsequently
calculated.
The specificity of primary antibodies was confirmed

through peptide competition assays utilising IZUMO1-
(ref. NBP1-83086PEP; Novus Biologicals) and GSTM3-
(ref. AAP53561; Aviva Systems Biology) immunising
peptides, 20 times in excess with regard to their respect-
ive antibodies (see Additional file 2). Detailed Western
blot protocol is described in Additional file 1.

Immunofluorescence
Localisation of IZUMO1 and GSTM3 in pre-frozen and
frozen-thawed boar sperm was evaluated through im-
munofluorescence. Sperm samples were diluted to a final
concentration of 3 × 106 cells per mL, fixed with 1.5%
(w:v) paraformaldehyde and washed with PBS 1×. Two
drops per sample were placed onto different slides, and
all slides were blocked and permeabilised with blocking
solution. Then, all samples were incubated overnight
with primary antibodies anti-IZUMO1 polyclonal rabbit
antibody (ref. NBP1–83086; Novus Biologicals, Littleton,
CO, USA; 1:250; v:v) and anti-GSTM3 polyclonal rabbit
antibody (ref. ARP53561_P050; Aviva Systems Biology;
1:200; v:v). Following the primary antibody incubation,
slides were washed and incubated with a secondary anti-
body anti-rabbit antibody conjugated with Alexa
Fluor488 (Molecular Probes) diluted 1:250 (v:v) for
IZUMO1 and 1:500 for GSTM3 in blocking solution. Fi-
nally, a drop of 10 μL of Vectashield mounting medium
containing DAPI was added, and a coverslip was placed
prior to sealing with nail varnish.
All samples were evaluated under a confocal laser-

scanning microscope (CLSM, Nikon A1R; Nikon Corp.,
Tokyo, Japan). In negative controls, the primary anti-
bodies were omitted. Furthermore, the specificity of the
primary antibodies was confirmed by separate peptide
competition assays. Samples were incubated with
GSTM3- (ref. AAP53561; Aviva Systems Biology) and

IZUMO1-specific (ref. NBP1-83086PEP; Novus Biologi-
cals) blocking peptides, which were 10 times in excess
with regard to the corresponding primary antibody (see
Additional file 3). The immunofluorescence protocol is
described in detail in Additional file 1.

Statistical analysis
Data were analysed with a statistical package (IBM SPSS
for Windows 25.0; Armonk, NY, USA). First, normality
and homogeneity of variances were checked with Shapiro-
Wilk and Levene tests, respectively. When needed, data
were transformed with arcsin √x and re-checked for nor-
mality and homogeneity of variances. Each biological rep-
licate was considered as a statistical case.
Groups of ejaculates with good (GFE) and poor

(PFE) freezability were set on the basis of their total
and progressive sperm motilities, and sperm viability
(% SYBR14+/PI- spermatozoa) at 30 min through a
two-step hierarchical cluster analysis using the log-
likelihood as a distance measure and the Bayesian
Schwarz criterion to build the groups. After establish-
ing the two groups of ejaculates (GFE and PFE),
sperm function parameters (i.e. % Viable spermatozoa
with low lipid disorder, % Viable spermatozoa with
low superoxide levels…) and relative content of
IZUMO1 and GSTM3 were compared between these
two groups and before and after cryopreservation
(pre-frozen, FT 30 min, FT 240 min) with a linear
mixed model (repeated measures). In this model, the
cryopreservation step was the within-subjects factor,
the ejaculate group (GFE vs. PFE) was the between-
subjects factor and the boar was the random-effects
factor. Post-hoc Sidak test was used for pair-wise
comparisons. Finally, Pearson correlation coefficients
were calculated between relative content of IZUMO1
and GSTM3 in pre-frozen and frozen-thawed sperm
and all quality parameters evaluated in pre-frozen and
30- and 240-min post-thaw sperm. Data are shown as
mean ± SEM. For all analyses, the level of significance
was set at P ≤ 0.05.

Results
Classification of boar ejaculates in GFE and PFE groups
Sperm viability assessed at 30 min post-thaw was used to
classify ejaculates as GFE and PFE. Although no differ-
ences were found between groups in pre-frozen samples
(P > 0.05), sperm total and progressive motility, and via-
bility were higher (P < 0.05) in GFE than in PFE at both
30 and 240 min post-thaw (Table 1).

Effects of cryopreservation on sperm quality parameters
Sperm quality parameters from boar ejaculates classified
as GFE and PFE, were assessed before and after cryo-
preservation and are summarized in Table 1. Regarding

Llavanera et al. Journal of Animal Science and Biotechnology           (2019) 10:61 Page 4 of 11



 

111 

viable and total and progressive motile spermatozoa, no
differences were found in pre-frozen samples between
GFE and PFE (P > 0.05). Although motility and viability
were decreased after cryopreservation in both GFE and
PFE groups, this decrease was more dramatic in PFE
than in GFE, at both 30 and 240 min after thawing (P <
0.05).
Concerning the evaluation of sperm membrane lipid

disorder (M540−/YO-PRO-1−), PFE showed higher
membrane lipid disorder than GFE at 30- and 240-min
after thawing (P < 0.05). As expected, the percentage of
viable spermatozoa with low membrane lipid disorder
were lower 30 and 240 min post-thaw than samples be-
fore freezing in both GFE and PFE (P < 0.05).
Regarding mitochondrial membrane potential, GFE

contained a higher percentage of sperm with high mito-
chondrial membrane potential (JC-1agg), than PFE at 30
min post-thaw (P < 0.05). However, 240 min after thaw-
ing of the samples, no differences could be observed be-
tween groups. Finally, intracellular levels of superoxides
(O2

−▪) were higher in PFE than in GFE (P < 0.05). More-
over, a decrease of viable spermatozoa with high super-
oxide levels was observed after freeze-thawing in both
GFE and PFE (P < 0.05).

Effects of cryopreservation on the localisation of IZUMO1
and GSTM3
Localisation of IZUMO1 and GSTM3 was determined in
pre-frozen and frozen-thawed boar spermatozoa by im-
munofluorescence. No differences were found in
IZUMO1- and GSTM3-localisation patterns between
GFE and PFE groups.
Figure 1 shows the representative localisation patterns

of IZUMO1 before and after cryopreservation of boar

sperm. Two IZUMO1 localisation patterns were found
in pre-frozen boar sperm: 1) fluorescence signal was lo-
cated in the principal and end pieces of the tail of all
spermatozoa, whereas 2) only some cells showed an
IZUMO1-signal in the acrosome. With regard to frozen-
thawed samples, IZUMO1 was exclusively localised in
the equatorial segment. Interestingly, some pre-frozen
and frozen-thawed sperm did not exhibit a positive
IZUMO1-signal.
Figure 2 shows representative localisation patters of

GSTM3 in pre-frozen and frozen-thawed boar sperm.
Sperm GSTM3 was located in the equatorial subdomain
of the head and in mid-, principal and end-pieces of the
tail before cryopreservation. Frozen-thawed boar sperm
showed an intense GSTM3 signal in the mid-piece area
only, being absent from the principal and end pieces of
the tail and from the equatorial subdomain of the head.
As opposed to the IZUMO-1 stained samples, all sperm-
atozoa showed GSTM3 fluorescence signal.

Relative abundances of IZUMO1 and GSTM3 during
cryopreservation
Western blot analysis of IZUMO1 evidenced a single-
band of ~ 48 kDa band in both pre-frozen and frozen-
thawed boar sperm (see Additional file 4). Stripping of
membranes and incubation with α-tubulin was per-
formed in order to confirm the same amount of total
protein was loaded in all samples. The results showed a
band at ~ 50 kDa in every sample. Following quantifica-
tions of relative IZUMO1-conent, no differences were
observed between groups (GFE vs. PFE) either before or
after cryopreservation (Fig. 3).
Immunoblotting of GSTM3 showed a single-band pat-

tern of ~ 25 kDa in pre-frozen and frozen-thawed boar

Table 1 Sperm quality parameters in pre-frozen (P-F) and frozen–thawed (F-T) sperm, 30 (F-T-30 min) and 240 (F-T-240 min) min
after thawing (mean ± SEM)
Parameter Classification P-F F-T-30 min F-T-240min

% Total motile spermatozoa GFE 72.52 ± 4.49a,1 30.10 ± 1.91a,2 8.14 ± 1.29a,3

PFE 71.45 ± 6.53a,1 4.45 ± 1.47b,2 1.97 ± 0.34b,2

% Progressive motile spermatozoa GFE 54.25 ± 2.60a,1 21.04 ± 1.77a,2 5.02 ± 1.48a,3

PFE 50.09 ± 5.01a,1 1.83 ± 0.99b,2 0.28 ± 0.09b,2

% SYBR-14+ /PI− spermatozoa GFE 81.20 ± 1.65a,1 28.77 ± 2.85a,2 21.56 ± 3.46a,3

PFE 79.84 ± 3.42a,1 5.60 ± 1.56b,2 3.79 ± 1.01b,2

% M540−/YO-PRO-1− spermatozoa GFE 75.13 ± 3.23a,1 24.36 ± 2.33a,2 14.59 ± 2.49a,3

PFE 73.32 ± 3.58a,1 6.26 ± 1.51b,2 2.72 ± 0.72b,2

% JC1agg spermatozoa GFE 79.14 ± 3.04a,1 34.29 ± 2.36a,2 27.57 ± 5.51a,2

PFE 77.50 ± 3.28a,1 16.50 ± 3.28b,2 12.75 ± 5.88a,2

% E−/YO-PRO-1− spermatozoa GFE 80.01 ± 2.23a,1 21.92 ± 2.26a,2 14.09 ± 3.15a,3

PFE 76.10 ± 2.79a,1 8.86 ± 1.10b,2 3.39 ± 1.82b,2

Each ejaculate was classified as having good (GFE) or poor freezability (PFE). Different superscript numbers (1,2,3) indicate significant differences (P < 0.05) between
conditions (pre-frozen (P-F), F-T-30 min and F-T-240 min). Different superscript letters (a,b) indicate significant differences(P < 0.05) between GFE and PFE in a
given parameter
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sperm (see Additional file 4). Weak-intensity bands at ~
28 and ~ 48 kDa were also observed. The incubation
with α-tubulin showed a ~ 50 kDa band in all samples.
Quantification of relative levels of GSTM3 evidenced
differences in protein content between GFE and PFE in
both pre-frozen (0.72 INT·mm2 ± 0.15 INT·mm2 vs. 1.00
INT·mm2 ± 0.14 INT·mm2; P < 0.05) and frozen-thawed
(0.70 INT·mm2 ± 0.19 INT·mm2 vs. 0.96 INT·mm2 ±
0.20 INT·mm2; P < 0.05) samples, with PFE showing
higher relative GSTM3-levels than the GFE (Fig. 4).

Correlations between relative contents of IZUMO1 and
GSTM3 and sperm quality parameters
Tables 2 and 3 show Pearson correlation coefficients be-
tween relative contents of IZUMO1 and GSTM3,

respectively, and sperm quality parameters in pre-frozen
and frozen-thawed sperm (30 and 240min post-thaw). No
correlation between the relative content of these proteins
and pre-frozen sperm quality parameters was found, nor be-
tween relative IZUMO1-abundance and post-thaw sperm
quality parameters. However, relative levels of pre-frozen
GSTM3 were negatively correlated with percentages of vi-
able spermatozoa (SYBR14+/PI−), viable spermatozoa with
low membrane lipid disorder (M540−/YO-PRO-1−), viable
spermatozoa with low levels of superoxides (E−/YO-PRO-
1−), and spermatozoa with high mitochondrial membrane
potential (JC1agg) 30min post-thaw (P < 0.05). In addition,
relative levels of GSTM3 after cryopreservation were nega-
tively correlated (P < 0.05) with percentages of viable sperm-
atozoa with low levels of superoxides (E−/YO-PRO-1−) and

Fig. 2 Immunolocalisation of GSTM3 in (a) pre-frozen and (b) frozen-thawed boar spermatozoa. Nucleus is shown in blue (DAPI), whereas GSTM3
is shown in green (FITC). Scale bars: A-B: 14.1 μm

Fig. 1 Immunolocalisation of IZUMO1 in (a) pre-frozen and (b) frozen-thawed boar spermatozoa. Nucleus is shown in blue (DAPI), whereas
IZUMO1 is shown in green (FITC). Scale bars: A: 20 μm; B: 14 μm
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high mitochondrial membrane potential (JC1agg) 30min
post-thaw. Finally, percentages of viable spermatozoa
(SYBR14+/PI−) and viable spermatozoa with low membrane
lipid disorder (M540−/YO-PRO-1−) at 240min post-thaw
were negatively correlated (P < 0.05) with the relative levels
of GSTM3 evaluated in pre-frozen and frozen-thawed
sperm.

Discussion
Alterations in the levels of membrane-bound fertility-related
proteins, such as IZUMO1 and GSTM3, have been associ-
ated to male subfertility [8]. Moreover, cryopreservation is

known to alter the content and localisation of several sperm
proteins [2]. Based on these facts, the current work aimed to
evaluate the localisation of IZUMO1 and GSTM3 and quan-
tify their relative levels in boar spermatozoa before and after
cryopreservation, comparing ejaculates with good (GFE) and
poor (PFE) freezability. The results reported in this work
show that: 1) both IZUMO1 and GSTM3 undergo reloca-
tion due to cryopreservation; however, 2) their relative abun-
dance levels are not altered by this process; 3) remarkably,
relative GSTM3-content in pre-frozen sperm is correlated
with post-thaw sperm quality, and is higher in PFE than in
GFE.

Fig. 3 Relative abundances of IZUMO1 as mean ± standard error of the mean (SEM) of GFE and PFE in pre-frozen (P-F) and frozen-thawed (F-T)
boar spermatozoa. Values were normalized using α-tubulin protein as an internal standard. Each sperm sample were evaluated three times

Fig. 4 Relative abundances of GSTM3 as mean ± standard error of the mean (SEM) of GFE and PFE in pre-frozen (P-F) and frozen-thawed (F-T)
boar spermatozoa. Values were normalized using α-tubulin protein as an internal standard. Each sperm sample were evaluated two times
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The presence of IZUMO1 in boar sperm was assessed
by immunoblotting, and a single-band of ~ 48 kDa was
found in both pre-frozen and frozen-thawed boar sperm.
Although the predicted molecular mass for IZUMO1 is
~ 37 kDa, our results are in agreement with those re-
ported in boar [17] and bull [16] spermatozoa. This data
suggests that IZUMO1 could undergo post-translation
modifications (such as glycosylation or phosphorylation)
in both species during sperm maturation, and that these
modifications increase its predicted molecular weight.
Regarding protein localisation, IZUMO1 was found in

the acrosome and principal and end tail pieces of boar
spermatozoa before freezing. Translocation from this lo-
cation to the equatorial segment was observed in frozen-
thawed sperm. This relocation is in agreement with the
results previously reported by Fukuda, et al. [16], who
found IZUMO1 to be located in the whole equatorial
segment of frozen-thawed bull sperm. Moreover, a simi-
lar relocation has been reported in mouse sperm during
acrosome reaction. Mice IZUMO1 relocates from both
the inner and outer acrosome membranes to the equa-
torial segment due to the acrosome reaction [30]. It is
worth noting that IZUMO1-staining was unexpectedly
found in the sperm tail of pre-frozen, but not frozen-
thawed, boar sperm. That being said, no differences in
the localisation of this protein between GFE and PFE
were observed, either before and after cryopreservation.

Our results demonstrate that IZUMO1 content was
similar in pre-frozen and frozen-thawed sperm, without
differences being observed between GFE and PFE. Our
finding contrasts with those reported by Fukuda et al.
[16], who showed a reduction of IZUMO1 in cryopre-
served bull samples compared with pre-frozen sperm
due to the loss of acrosome integrity during this proced-
ure. However, it should be noted that Fukuda et al. [16]
assessed this reduction of protein content through im-
munofluorescence analysis, whereas in this study, quan-
tification of Western blot bands was carried out. In fact,
similarly to what it is being reported in this study on
boar sperm, relocation (rather than complete loss) of
IZUMO1 occurs during capacitation and acrosome reac-
tion in mouse sperm [31].
Western blot analysis showed a single band pattern of

~ 25 kDa in pre-frozen and frozen-thawed boar sperm
when membranes were probed with an anti- GSTM3
antibody. Similarly, Kwon et al. [21] also reported a sin-
gle band of ~ 27 kDa for GSTM3, the predicted molecu-
lar mass of boar GSTM3 being 26.6 kDa. Additionally,
we also found an additional weak band of ~ 28 kDa in
GSTM3 membranes that was not observed in the pep-
tide competition assay. These slight differences in mo-
lecular weight could be again due to post-translational
modifications of GSTM3. Moreover, another low-
intensity band of ~ 48 kDa, which also disappeared in

Table 2 Correlation coefficients between relative IZUMO1 abundances in both pre-frozen (P-F) and frozen thawed (F-T)
spermatozoa and sperm quality parameters in pre-frozen (P-F) and frozen-thawed spermatozoa, evaluated 30 (F-T-30) and 240
(F-T-240) min post-thaw

Relative levels
of P-F IZUMO1

Relative levels
of F-T IZUMO1

P-F % Progressive motile spermatozoa 0.37 0.19

% Total motile spermatozoa 0.12 0.38

% SYBR-14+/PI− spermatozoa 0.24 − 0.23

% M540−/YO-PRO-1− spermatozoa 0.21 0.21

% JC1agg spermatozoa −0.27 − 0.51

% E−/YO-PRO-1− spermatozoa 0.22 − 0.55

F-T-30 % Progressive motile spermatozoa 0.26 −0.25

% Total motile spermatozoa 0.23 −0.27

% SYBR-14+/PI− spermatozoa −0.05 −0.08

% M540−/YO-PRO-1− spermatozoa −0.05 0.03

% JC1agg spermatozoa −0.11 −0.01

% E−/YO-PRO-1− spermatozoa −0.25 − 0.03

F-T-240 % Progressive motile spermatozoa 0.25 −0.12

% Total motile spermatozoa 0.20 −0.11

% SYBR-14+/PI− spermatozoa −0.05 0.08

% M540−/YO-PRO-1− spermatozoa −0.15 0.11

% JC1agg spermatozoa −0.31 −0.41

% E− / YO-PRO-1− spermatozoa 0.02 0.23
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peptide competition assay, was present on GSTM3
membranes. The presence of that band may be due to
the homodimerisation of this protein [32].
Since immunoblotting analysis did not show any loss

of GSTM3 during cryopreservation, a relocation rather
than a loss of this protein appears to occur due the
freeze-thawing procedures. This was confirmed by im-
munofluorescence, where we observed that GSTM3
underwent relocation from the equatorial subdomain of
the head, and mid-, principal and end pieces of the tail
to the mid-piece during cryopreservation. In addition,
no differences were observed between sperm from GFE
and PFE in GSTM3-localisation. Previous studies in goat
and human sperm [13, 14, 19] found GSTM3 at the ap-
ical region of the acrosome. These works also reported
that this protein translocates to the equatorial and pos-
terior acrosome regions during capacitation, and is lost
from the acrosome upon acrosome reaction. On the
other hand, Kumar et al. [22] showed that buffalo
GSTM3 is localised over the connecting, mid-, principal,
and end pieces of the tail in sperm before cryopreserva-
tion. These authors also demonstrated that after cryo-
preservation, GSTM3 migrated to the mid-piece.
Remarkably, while this localisation pattern in pre-frozen
and post-thawed buffalo sperm was similar to that

observed in our study, it differed from that found in goat
and human sperm.
Regarding GSTM3 content during cryopreservation,

the results of the present study differ from those re-
ported by Kumar et al. [22] in buffalo sperm. While
these authors found a decrease in GSTM3 content after
cryopreservation, we did not observe this effect. These
differences might arise from the differences in tech-
niques used between this study and the study of Kumar
et al. [22]. Perhaps the most interesting result of our
study, however, was the difference in relative GSTM3
content found between GFE and PFE, in both pre-frozen
and post-thawed sperm. Ejaculates classified as PFE
showed higher levels of GSTM3 than GFE. Taking into
account that GSTM3 is involved in cell protection
against oxidative stress [20], and PFE exhibit lower post-
thaw sperm quality, it is reasonable to suggest that the
higher levels of this protein in PFE could represent a
mechanism to reduce oxidative stress.
The present study also attempted to find a relationship

between sperm quality parameters and the relative
amounts of IZUMO1 and GSTM3. Interestingly, a nega-
tive correlation between sperm quality parameters at 30
min post-thaw and relative levels of GSTM3 in pre-
frozen spermatozoa was observed. Higher GSTM3-

Table 3 Correlation coefficients between relative GSTM3-abundances in both pre-frozen (P-F) and frozen thawed (F-T) spermatozoa
and sperm quality parameters in pre-frozen (P-F) and frozen-thawed spermatozoa, evaluated 30 (F-T-30) and 240 (F-T-240) min post-
thaw. *P < 0.05; **P < 0.01

Relative levels of P-F GSTM3 Relative levels of F-T GSTM3

P-F % Progressive motile spermatozoa 0.29 0.40

% Total motile spermatozoa 0.21 0.31

% SYBR-14+/PI− spermatozoa −0.23 −0.24

% M540−/YO-PRO-1− spermatozoa − 0.11 −0.03

% JC1agg spermatozoa 0.06 0.09

% E−/YO-PRO-1− spermatozoa −0.48 −0.27

F-T-30 % Progressive motile spermatozoa −0.04 0.11

% Total motile spermatozoa −0.08 0.05

% SYBR-14+/PI− spermatozoa −0.67* −0.50

% M540−/YO-PRO-1− spermatozoa −0.70* − 0.54

% JC1agg spermatozoa −0.80** −0.70**

% E−/YO-PRO-1− spermatozoa −0.74** − 0.71**

F-T-240 % Progressive motile spermatozoa 0.08 0.19

% Total motile spermatozoa −0.08 0.04

% SYBR-14+/PI− spermatozoa −0.75** −0.64*

% M540−/YO-PRO-1− spermatozoa −0.75** − 0.71**

% JC1agg spermatozoa −0.56 0.56

% E− / YO-PRO-1− spermatozoa −0.45 −0.40

Llavanera et al. Journal of Animal Science and Biotechnology           (2019) 10:61 Page 9 of 11



 

116 

content before cryopreservation was related to a lower
percentage of viable spermatozoa (SYBR14+/PI−), viable
spermatozoa with low membrane disorder, viable sperm-
atozoa with low levels of intracellular superoxide levels,
and spermatozoa with low mitochondrial membrane po-
tential at post-thaw. Interestingly, other studies have
demonstrated that an overexpression of GSTM3 in pre-
frozen sperm is related with small litter sizes in boars
[21] and with lower sperm quality in humans [33]. In
addition, Hemachand and Shaha [20] reported that
membrane-bound GSTMs eliminate ROS via extracellu-
lar glutathione and, consequently, prevent lipid mem-
brane peroxidation, a process highly damaging to sperm
membrane integrity [34]. This protection against oxida-
tive stress exerted by this protein could preserve sperm
motility, viability, mitochondrial status, oocyte binding
capacity and fertilising ability. In fact, in the present
study, a decrease of mitochondrial activity, and an in-
crease in superoxide production and lipid disorder after
cryopreservation were observed in both GFE and PFE.
Thus, the relocation of GSTM3 to the mid-piece in re-
sponse to cryopreservation reported in this study could
be a mechanism of sperm to reduce oxidative stress dur-
ing freeze-thawing.
Collectively, our results indicate that higher relative con-

tent of GSTM3 in pre-frozen sperm is related to lower
sperm cryotolerance, and could be related to the fertility-
associated issues of frozen-thawed sperm. While our find-
ings demonstrate the reliability of GSTM3 as a sperm cryo-
tolerance marker, further research including in vitro and in
vivo fertilisation experiments is required to elucidate
whether this protein is also a marker of their fertilising abil-
ity in both pre-frozen and frozen-thawed boar semen.

Conclusion
On the basis of immunofluorescence analysis and in ac-
cordance with studies in other species, relocation of
IZUMO1 and GSTM3 occurs in response to cryopreser-
vation. On the other hand, Western blot analysis shows
no significant variations of IZUMO1 and GSTM3 content
along the cryopreservation protocol. Nevertheless, al-
though the content of IZUMO1 in pre-frozen boar sperm
was found not to be related to their cryotolerance, sperm
GSTM3 content before cryopreservation was higher in
PFE than in GFE. These data indicate that GSTM3 could
be used as a freezability marker in boar sperm. Finally,
since no significant reduction of IZUMO1 and GSTM3
content has been reported during cryopreservation proce-
dures, it is reasonable to suggest that the impaired fertilis-
ing ability of cryopreserved boar spermatozoa could be
partially related to the abnormal translocation of both
fertility-related proteins. However, additional in vitro and
in vivo fertilisation essays are required to confirm this
hypothesis.

Additional files

Additional file 1: Supplementary information for Materials and
Methods. (DOC 53 kb)

Additional file 2: Western blots resulting from incubation with the (A)
IZUMO1-antibody together with the IZUMO1-blocking peptide (IZUMO1
– blocking peptide) and its loading control (α-tubulin); and (B) GSTM3-
antibody with GSTM3-blocking peptide (GSTM3 – blocking peptide) and
its loading control (α-tubulin). Lanes P-F: pre-frozen sperm. Lanes F-T:
frozen-thawed sperm. Lanes GFE: good freezability ejaculates. Lanes PFE:
poor freezability ejaculates. (TIF 1214 kb)

Additional file 3: Immunofluorescence of (A) IZUMO1 negative control;
(B) IZUMO1-antibody incubation with the IZUMO1-blocking peptide; (C)
GSTM3 negative control and (D) GSTM3-antibody incubation with the
GSTM3-blocking peptide. Nucleus is shown in blue (DAPI). Scale bars: A-B:
18 μm; C-D: 14 μm. (TIF 514 kb)

Additional file 4: Representative Western blot resulting from incubation
with the (A) IZUMO1 antibody and its loading control (α-tubulin) and (B)
GSTM3 antibody and its loading control (α-tubulin). Lanes P-F: pre-frozen
sperm. Lanes F-T: frozen-thawed sperm. Lanes GFE: “good” freezability
ejaculates. Lanes PFE: “poor” freezability ejaculates. (TIF 1479 kb)
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a b s t r a c t

In the dairy breeding industry, pregnancy of dairy cows is essential to initiate milk production, so that
high fertility rates are required to increase their productivity. In this regard, sperm proteins that are
indicative of sperm quality and/or fertility have become an important target of study. Glutathione S-
transferase Mu 3 (GSTM3) has been established as a fertility and sperm quality parameter in humans
and pigs and, consequently, it might be a potential biomarker in cattle. For this reason, the present work
aimed to determine if GSTM3 could predict sperm quality and in vivo fertility in this species. Sperm qual-
ity was assessed with flow cytometry and computer-assisted sperm analysis. Immunoblotting and
immunofluorescence analysis were performed to determine the presence and localisation pattern of
sperm GSTM3. This enzyme was found to be present in bovine sperm and to be localised along the sperm
tail and the equatorial segment of the head. No significant associations between sperm GSTM3 and sperm
quality parameters were observed, except a negative association with morphologically abnormal sperm
having a coiled tail. In addition, and more relevant, higher levels of GSTM3 in sperm were seen in bulls
showing lower in vivo fertility rates. In conclusion, our data evidenced the presence of GSTM3 in bovine
sperm. Moreover, we suggest that, despite not being associated with sperm quality, GSTM3 might be an
in vivo subfertility biomarker in cattle sperm, and that high levels of this protein could be an indicative of
defective spermatogenesis and/or epididymal maturation.
! 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications

In the dairy breeding industry, high fertility is required to
increase productivity. The evaluation of fertility biomarkers is,
therefore, of high relevance. Accordingly, the present work identi-
fies and localises Glutathione S-transferase Mu 3 in bovine sperm
and reveals that, despite not being associated to their quality, it
could predict in vivo fertility in bulls. Although further research
is required, sperm Glutathione S-transferase Mu 3 might be used
as a molecular biomarker for in vivo fertility in cattle, which can
maximise the efficiency and profitability of the dairy breeding
industry.

Introduction

Over the years, the dairy breeding industry has selected males
and females on the basis of their genetic traits for increasing milk
production. Given that the lactation cycle is exclusively initiated by
pregnancy, the prediction of bull sperm fertility is crucial to max-
imise the efficiency of the sector (Pryce et al., 2004; Miglior et al.,
2017; Menezes et al., 2019). While the conventional spermiogram
is the most commonly used method to evaluate male fertility, it is
not always able to predict differences in fertility rates between
males because it does not assess the physiological status of sperm
(Krzyściak et al., 2020). Consequently, exploring novel sperm fertil-
ity biomarkers appears to be an interesting field of study.

Several molecular biomarkers have been reported as potential
indicators of male fertility and subfertility (Krzyściak et al.,
2020). Sperm proteins related to mitochondrial activity, such as
Heat Shock Protein Family D Member 1, as well as antioxidant
enzymes, such as glutathione peroxidases and glutathione
S-transferases (GSTs), have been found to be relevant fertility
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biomarkers in sperm (Kwon et al., 2015). Specifically, GSTs have
been reported to play a crucial role in cell detoxification, catalysing
the conjugation of electrophilic substances into reduced glu-
tathione (GSH) (Hayes et al., 2004).

Alpha, Mu, Omega and Pi GST classes have been described to be
present in mammalian sperm, playing a triple role (Llavanera et al.,
2019b) consisting of (i) cell detoxification (Fafula et al., 2019), (ii)
cell signalling regulation (Cho et al., 2001) and (iii) fertilisation
(Petit et al., 2013). In addition, previous research supports that
GSTs are essential to maintain sperm quality by protecting the
male gamete from oxidative stress (Fafula et al., 2019) through
the activation of the JNK signalling pathway (Llavanera et al.,
2021a). Furthermore, GSTM3, a specific GST, has been shown to
be specifically relevant in sperm cells. This protein belongs to the
Mu class of canonical soluble GSTs and is active as a dimer
(Armstrong, 1997). It is expressed both in the testis, during sper-
matogenesis, and throughout the male reproductive tract (Li
et al., 2010), and appears to be essential for proper sperm-oocyte
binding, interacting with the zona pellucida (Petit et al., 2013). In
men, high amounts of sperm GSTM3 are related to low sperm qual-
ity in patients suffering from oligozoospermia and varicocele
(Botta et al., 2009; Agarwal et al., 2015). In boars, high levels of
sperm GSTM3 are joined with small litter sizes (Kwon et al.,
2015). GSTM3 has also been established as a sperm quality biomar-
ker in pigs, since its abundance negatively correlates to sperm
motility and mitochondrial activity, although its presence is neces-
sary to maintain sperm quality (Llavanera et al., 2020b). Moreover,
GSTM3 has been found to be a cryotolerance marker in porcine
sperm (Llavanera et al., 2019a).

In spite of all the aforementioned, and to the best of the authors’
knowledge, no previous study has investigated the presence and
role of GSTM3 in bovine sperm. Considering the relevant function
of GSTM3 as a potential quality and fertility biomarker in mam-
malian sperm, the aim of the present work was to determine the
presence and localisation of GSTM3 in bovine sperm, as well as
to address whether it could be a sperm quality and in vivo fertility
biomarker in cattle.

Material and methods

Unless otherwise indicated, chemicals and reagents were pur-
chased from Sigma-Aldrich (Saint Louis, MO, United States).

Animals and ejaculates

Seminal AI-doses used in this study were produced following
the Spanish and European legislation for animal husbandry and
welfare. Twelve healthy and sexually mature Holstein bulls from
1.5 to 2 years old were involved in this research. Animals were
housed at Cenero AI centre in Gijón, Asturias (Spain), under stan-
dard feeding and housing conditions. Ejaculates were collected
using an artificial vagina. A total of 2 087 heifers were inseminated,
with an average number of 174 inseminated heifers per bull. Sup-
plementary Fig. S1 shows the distribution of NRR among bulls.
Ninety-day non-return rates (NRRs) to oestrus were used to assess
in vivo fertility, through dividing the serviced heifers by the total
number of inseminations.

Ejaculates having 2–8 ml of volume, sperm concentration >109

spermatozoa per ml and total motility greater than 85% were cry-
opreserved. First, the concentration of ejaculates was adjusted
using a commercial extender (Bioxcell; IMV Technologies L’Aigle,
France) to 92 ! 106 sperm per ml and then packaged into 0.25-
ml straws. The cryopreservation procedure was performed by
using a controlled-rate freezer (Digit-cool; IMV Technologies).
Straws were then stored in a nitrogen tank. The thawing procedure

consisted of warming sperm samples at 38 !C for 20 s in a water
bath. A total of six straws per bull were pooled together (biological
replicate) before the assessment of sperm quality, using two straws
from three independent ejaculates per bull.

Sperm motility

Samples were diluted 1:3 (v:v) with Phosphate-Buffered Saline
(PBS) and subsequently evaluated. A Computer-Assisted Sperm
Analysis (CASA) system was used to determine sperm motility
parameters (Integrated Sperm Analysis System V1.0; Proiser SL,
Valencia, Spain) prewarmed at 38 !C. Sperm loaded into Leja cham-
ber slides (Leja Products BV; Nieuw-Vennep, The Netherlands)
were subsequently analysed by capturing 30 frames per second.
The average path velocity at "10 lm/s was the threshold to con-
sider a spermatozoon as motile, whereas the index of straightness
at "70% was the threshold to consider a spermatozoon as progres-
sively motile. A total of 1 000 sperm per replicate and two techni-
cal replicates per sample were assessed.

Sperm morphology

Sperm samples were diluted 1:3 (v:v) with PBS. Five ll of a
diluted samplewas used for each examination. Sperm sampleswere
observed under an optical microscope (Olympus BX41) and evalu-
ated using the SCA" Production software (Microptic S.L., Barcelona,
Spain). Spermwere visually classified as morphologically normal or
abnormal (abnormalities of the head size, shape and acrosome,
isolated heads, folded and coiled tails, and proximal and distal dro-
plets). Two hundred sperm per sample were examined.

Oxygen consumption rate

A SensorDish" Reader system (PreSens Gmbh; Regensburg, Ger-
many) was used to evaluate oxygen consumption rate in sperm
samples. A volume of 150 ll from each sperm sample was diluted
in 850 ll of PBS and transferred onto Oxodish" OD24 plates before
sealing themwith Parafilm". Plates were incubated at 38 !C for 3 h,
and O2 concentration was measured every 30 s. Oxygen consump-
tion rate of each sample was subsequently calculated and nor-
malised by the total number of viable sperm per well.

Flow cytometry analysis

Flow cytometry analysis was performed using a CytoFLEX
cytometer (Beckman Coulter, California, USA). Sperm samples were
diluted in PBS to a final concentration of 4 ! 106 sperm per ml. Five
sperm parameters were evaluated (sperm viability [SYBR-14/PI],
intracellular calcium levels [Fluo3-AM/PI], intracellular Reactive
Oxygen Species (ROS) levels [H2DCFDA/PI], intracellular superox-
ide levels [HE/Yo-Pro-1], and chromatin (de)condensation
[CMA3/Yo-Pro-1]). SYBR-14, Fluo3-AM, Yo-Pro-1 and H2DCFDA
were excited with the 488 nm laser, and their fluorescence was
detected by the FITC channel (525/40). HE was excited with the
488 nm laser, and its fluorescence was collected through the PE
channel (585/42). PI was excited with the 488 nm laser, and its flu-
orescence was detected by the PC5.5 channel (690/50). CMA3 was
excited with the 405 nm laser, and its fluorescence was collected
via the Violet610 channel (610/20).

Sperm viability was determined by double staining using SYBR-
14 (32 nmol/l) and PI (7.5 lmol/l), based on the protocol of Garner
and Johnson (1995). Intracellular calcium levels were evaluated
through co-staining with Fluo3-AM (1.2 lmol/l) and PI
(5.6 lmol/l), following the protocol described by Harrison et al.
(1996). Overall ROS levels were determined after co-staining with
H2DCFDA (100 lmol/l) and PI (6 lmol/l), as described by Guthrie
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and Welch (2006). The assessment of intracellular superoxide
levels was performed by co-staining samples with Yo-Pro-1
(31.2 nmol/l) and HE (5 lmol/l), following a modification of the
protocol of Guthrie and Welch (2006). Finally, chromatin (de)com-
paction was evaluated following double staining with CMA3 and
Yo-Pro-1, as previously described by Llavanera et al. (2021b).
Extended flow cytometry protocols are described in detail in Sup-
plementary Material S1.

Immunoblotting analysis

Sperm samples were centrifuged twice at 3 000g for 5 min.
Total protein content was extracted by mixing sperm samples with
400 ll of lysis buffer (RIPA buffer; Sigma), supplemented with 1%
protease inhibitor cocktail (Sigma), followed by incubation on ice
for 30 min. Samples were sonicated and subsequently centrifuged
at 12 000g and 4 !C for 20 min. Finally, total protein of super-
natants was assessed through a detergent-compatible method
using a commercial kit (BioRad).

Ten lg of total protein was resuspended in Laemmli Reductor
4! buffer supplemented with 10% (v:v) b-mercaptoethanol and
heated up to 95 !C for 5 min. Next, samples were loaded onto
12% Mini-PROTEAN TGX Stain-Free Precast Gels (BioRad) and elec-
trophoresis was carried out at 200 V for 40 min at 4 !C. Total pro-
tein from the gel was quantified using the Stain-Free method and
visualised using a G:BOX Chemi XL system (Syngene, Frederick,
MD, United States). Following this, a Trans-Blot Turbo device
(BioRad) was used to transfer proteins onto PVDF membranes.
Membranes were blocked in blocking buffer (5% BSA in TBS) in agi-
tation for 1 h. Thereafter, membranes were incubated with a pri-
mary rabbit anti-GSTM3 antibody (1:15 000; v:v) overnight at
4 !C and, subsequently, washed thrice with TBS-Tween-20 and
incubated with an HRP-coupled secondary goat anti-rabbit anti-
body (1:30 000; v:v) for 1 h. Finally, membranes were washed five
times, revealed with a chemiluminescent substrate and visualised
with a G:BOX Chemi XL system (Syngene). To assess the specificity
of the primary anti-GSTM3 antibody, a peptide competition assay
was performed using an excess of the GSTM3 immunising peptide
(20-fold regarding the primary antibody). Relative GSTM3 levels
were quantified using Image StudioTM Lite v.3.1. (Licor) and nor-
malised against the total protein from the blot. Two technical repli-
cates per sample were analysed.

Immunofluorescence analysis

To determine the localisation of GSTM3 in bovine sperm, an
immunofluorescence assay was performed. Sperm samples were

adjusted to a final concentration of 5 ! 106 sperm per ml, cen-
trifuged at 600g for 5 min, resuspended in 2% paraformaldehyde
and incubated for 30 min prior to being washed again. Then,
150 ll of diluted sperm was placed on a slide. Subsequently, slides
were washed thrice and incubated with PBS supplemented with 1%
Triton and 5% BSA for permeabilisation and blocking, respectively.
Next, slides were incubated with the primary antibody, diluted at
1:250 (v:v) in blocking solution, at 4 !C overnight. For peptide com-
petition assay, the GSTM3-specific immunising peptide was added
10 times in excess with regard to the primary antibody. Five rinses
were performed before incubation with the secondary antibody,
diluted 1:500 (v:v) in blocking solution, for 1 h in the dark. Finally,
five rinses were performed, and samples were mounted with Vec-
tashield mounting medium before coverage with a coverslip. Sam-
ples were observed under a confocal laser-scanning microscope
(CLSM, Nikon A1R; Nikon, Tokyo, Japan) with predetermined
acquisition settings and analysed using the Fiji ImageJ software
(Schindelin et al., 2012). Brightness and contrast were homoge-
nously adjusted in all images.

Statistical analysis

Data were analysed with IBM SPSS Statistics 27.0 (IBM, Armonk,
NY, USA) and plotted with GraphPad Prism v.8 (GraphPad Soft-
ware, La Jolla, CA, USA). First, normal distribution and homogeneity
of variances were checked by running Shapiro-Wilk and Levene
tests, respectively. Twelve biological replicates were used
(n = 12), each one being considered a statistical case. The level of
significance was set at P " 0.05.

Sperm samples were classified by their GSTM3 content in two
groups on the basis of the median value. Sperm parameters were
compared between the two GSTM3 content groups through a para-
metric t-test. Alternatively, a non-parametric Mann-Whitney U
test was used when data did not meet normality and/or
homoscedasticity assumptions. The Spearman’s rank coefficient
was used to determine the correlations of sperm GSTM3 levels
with sperm quality and in vivo fertility parameters.

Results

Presence and localisation of Glutathione S-transferase Mu 3 in bovine
sperm

Immunoblotting analysis was performed to determine the pres-
ence and relative content of GSTM3 in frozen-thawed bovine
sperm. Immunoblotting analysis using an anti-GSTM3 antibody
evidenced a single band of #48 kDa in every assessed sample

Fig. 1. Representative Western blots of GSTM3 in bovine sperm. (A) Incubation with the GSTM3 antibody (Anti-GSTM3) and its loading control (Total protein); (B) Incubation
with the GSTM3 antibody and the corresponding immunising peptide (peptide competition assay), and its loading control (Total protein). MW: Molecular weight; 1–4
correspond to four independent sperm samples from different bulls. Abbreviations: GSTM3, Glutathione S-transferase Mu 3; BP, blocking peptide.
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(Fig. 1A). This !48 kDa band was absent from the blot incubated
with the blocking peptide (Fig. 1B).

The localisation pattern of GSTM3 in bovine sperm was
assessed by immunofluorescence. Sperm GSTM3 was found to be
localised along the principal, mid and end pieces of the tail, as
shown in Fig. 2. Moreover, a weaker GSTM3-specific signal was
also found in the equatorial segment of the head. The peptide com-
petition assay did not show green fluorescence.

Correlations of sperm Glutathione S-transferase Mu 3 with sperm
quality and fertility

Fig. 3 shows Spearman’s rank correlation coefficient between
relative GSTM3 content, sperm quality and in vivo fertility param-
eters. No correlation between sperm GSTM3 content and sperm
quality parameters was found (P > 0.05), excepting a negative cor-
relation between GSTM3 levels and the percentage of morpholog-

Fig. 2. Representative immunofluorescence analysis of GSTM3 in bovine sperm. (A-F) Representative bovine sperm sample (sample). (G-L) Peptide competition assay of the
sample (blocking peptide). The nucleus is shown in blue (DAPI), whereas GSTM3 is shown in green. White arrows indicate GSTM3 in the sperm tail, whereas black arrows
indicate GSTM3 within the equatorial subdomain of the head. Scale bars: 20 lm. Abbreviations: GSTM3, Glutathione S-transferase Mu 3.
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ically abnormal sperm with coiled tail (R = !0.75; P < 0.05). More-
over, a significant negative correlation was observed between
sperm GSTM3 content and NRR (R = !0.60; P < 0.05).

Comparison of sperm quality parameters between Glutathione S-
transferase Mu 3 groups

Sperm viability, total and progressive motility, and morphology
were analysed as conventional sperm quality parameters. Each
sperm parameter was compared between GSTM3 groups (low
and high GSTM3 content). No significant differences**** (P > 0.05)
between GSTM3 groups were found when assessing sperm viabil-
ity (Fig. 4C), total motility (Fig. 4A), progressive motility (Fig. 4B) or
morphology (Fig. 4D-I). An increased percentage of morphologi-
cally abnormal sperm with coiled tails, however, was found in
the low GSTM3 group (P < 0.05).

Comparison of sperm metabolic parameters between Glutathione S-
transferase Mu 3 groups

Sperm metabolism was evaluated through the analysis of the
following sperm parameters: O2 consumption rate (Fig. 5A), per-
centage of calcium-positive viable sperm (Fig. 5B), percentage of
overall ROS-positive viable sperm (Fig. 5C), and percentage of
superoxide-positive viable sperm (Fig. 5D). No significant differ-
ences (P > 0.05) between GSTM3 groups were observed in any of
these metabolism-related parameters.

Comparison of sperm chromatin condensation status between
Glutathione S-transferase Mu 3 groups

The putative relationship between sperm GSTM3 content and
sperm chromatin (de)condensation status was evaluated through

flow cytometry with a double CMA3/Yo-Pro-1 staining. Fig. 6 rep-
resents the distribution of the percentages of CMA3-positive cells
in total and viable sperm populations between GSTM3 groups
(i.e. low and high GTSM3 content). No significant differences
(P > 0.05) in sperm chromatin condensation were found between
GSTM3 groups.

Relationship between sperm Glutathione S-transferase Mu 3 content
and in vivo fertility

To evaluate the relationship between sperm GSTM3 content
and in vivo fertility, NRRs were compared between the two GSTM3
groups (i.e. low and high GSTM3 content). Furthermore, Spear-
man’s rank correlation coefficient between the two parameters
was analysed. A negative correlation between sperm GTSM3 con-
tent and NRR was observed (R = !0.60; P < 0.05) (Fig. 7B). More-
over, significant differences in NRR between low and high sperm
GSTM3 groups were found (P < 0.05). Specifically, higher NRRs
were observed in samples showing low levels of GSTM3 (Fig. 7A).
Raw data of NRR and sperm GSTM3 levels of each bull are available
in Supplementary Table S1.

Discussion

Molecular biomarkers have become relevant tools to predict the
physiological status of sperm, which is unachievable with conven-
tional semen analysis (Krzyściak et al., 2020). GSTM3 is an antiox-
idant enzyme that has been reported to be a useful biomarker for
male infertility or subfertility in humans and pigs, as well as a pre-
dictor of sperm quality in these species (Botta et al., 2009; Kwon
et al., 2015). In this regard, it is reasonable to suggest that sperm
GSTM3 could be a potential biomarker for sperm quality and
in vivo fertility in bovine species.

Fig. 3. Heatmap of the Spearman’s rank correlation coefficients between relative GSTM3 content in bovine sperm and the different parameters evaluated to determine sperm
parameters and in vivo fertility. (*) indicates significant correlations (P < 0.05). Abbreviations: GSTM3, Glutathione S-transferase Mu 3; JR, Jansen’s ring; ROS, reactive oxygen
species; CMA3+, chromomycin A3-positive cells.
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Immunoblotting and immunofluorescence analysis allowed us
to confirm the presence and localisation of GSTM3 in bovine
sperm, which, to the best of our knowledge, has not been previ-
ously described. A single band of !48 kDa was observed in
immunoblotting analysis, which was confirmed to be GSTM3-
specific in the peptide competition assay. These results are consis-

tent with the molecular weight of GSTM3 as, while this protein is
known to be !26 kDa in its monomeric form, it has been described
to be stable as a homodimer only (Armstrong, 1997) which would
explain the presence of the !48 kDa band in blots. Yet, the unex-
pected increase in the molecular weight of GSTM3 could also be
caused by post-translational modifications, which have been

Fig. 4. Box plots representing the distribution of the percentages of (A) total motile sperm; (B) progressively motile sperm; (C) viable sperm; (D) morphologically normal
sperm; (E) sperm with coiled tails; (F) sperm with broken tails; (G) sperm with folded tails at Jensen’s ring; (H) sperm with proximal droplets; and (I) sperm with distal
droplets, between bulls showing high/low sperm GSTM3 content (arbitrary units; AUs). (*) indicates significant differences between GSTM3 groups (P < 0.05). Abbreviations:
GSTM3, Glutathione S-transferase Mu 3; spz, spermatozoa.
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extensively reported in sperm (Samanta et al., 2016), or covalent
protein-protein interactions. In spite of this, while a !25 kDa band
corresponding to monomeric GSTM3 was observed in the sperm of
other species (Kwon et al., 2015; Llavanera et al., 2019a), it was not
detected herein. Thus, although the presence of GSTM3 was con-
firmed in the present study, whether its homodimerisation, post-
translational modifications and/or covalent protein-protein inter-
actions occur in bovine sperm remains unknown.

Immunofluorescence analysis allowed determining the specific
localisation of GSTM3 in bovine sperm. Sperm GSTM3 was found to
be present along the sperm tail, comprising mid, principal and end
pieces. Interestingly, this pattern partially differs from that
observed in frozen-thawed sperm from other species. In pigs,
sperm GSTM3 is localised only in the midpiece of the tail
(Llavanera et al., 2019a) after cryopreservation, whereas in humans

and goats, it is comprised in the acrosome and the postequatorial
region (Gopalakrishnan et al., 1998; Petit et al., 2013). Interest-
ingly, the localisation of GSTM3 in frozen-thawed cattle sperm
seen in this study was similar to that reported for fresh but not
for frozen-thawed pig sperm, where it is found in the sperm tail
and the equatorial segment of the head (Llavanera et al., 2020b).
Remarkably, the literature, together with our results, suggests a
highly variable localisation pattern of sperm GSTM3 among mam-
malian species.

The association between sperm GSTM3 levels and their quality
parameters was also evaluated in the present study. GSTM3 in por-
cine and caprine sperm has been reported to be essential to main-
tain sperm motility and mitochondrial activity (Gopalakrishnan
and Shaha, 1998; Llavanera et al., 2020b). Interestingly, in this
study, no significant correlation between GSTM3 levels and sperm

Fig. 5. Box plots representing the distribution of (A) O2 consumption rate normalised against viable sperm (lM O2/h " 107 sperm); (B) percentage of calcium-positive viable
sperm; (C) percentage of ROS-positive viable sperm between bulls showing high/low sperm GSTM3 content (arbitrary units; AUs); and (D) percentage of superoxide-positive
viable sperm. No significant differences between groups were observed. Abbreviations: GSTM3, Glutathione S-transferase Mu 3; spz, spermatozoa.

Fig. 6. Box plots representing the distribution of the percentage of (A) total and (B) viable CMA3-positive sperm between bulls showing high/low sperm GSTM3 content
(arbitrary units; AUs). No significant differences between groups were observed. Abbreviations: GSTM3, Glutathione S-transferase Mu 3; CMA3+, chromomycin A3-positive
cells.
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quality and metabolic parameters was observed. Moreover, no
differences between high and low GSTM3 groups were seen. These
results suggest that GSTM3 is not related to sperm quality and
metabolism in cattle. Specifically, given the role of GSTM3 as an
antioxidant enzyme, the lack of correlation between this enzyme
and ROS levels in sperm is interesting. The fact that GSTM3
shows an association with sperm motility and mitochondrial activ-
ity in porcine and ovine, but not in bovine, indicates that the
involvement of this protein on sperm physiology is variable among
mammalian species. Moreover, sperm GSTM3 was not found to be
associated to ROS levels in cattle, which concurs with previous
research in humans and pigs and leads one to posit that this
enzyme is not involved in cell detoxification in these species.

The results obtained in the present work suggest a putative
relationship between sperm GSTM3 levels and sperm morphology,
specifically in tail malformations. The percentage of coiled tail
sperm was negatively associated with relative GSTM3 content,
suggesting that low levels of this enzyme are associated to an
increased percentage of sperm with a coiled tail. Accordingly, the
percentage of sperm showing this abnormality was also found to
be higher in the group with lower GSTM3 content. Sperm malfor-
mations can be originated during spermatogenesis (primary mal-
formations) or sperm maturation along the epididymis
(secondary malformations) (Briz and Fàbrega, 2013), and the coiled
tail is known to be a secondary malformation (Nisa et al., 2018).
The association between GSTM3 and secondary malformations
has already been discussed in a previous study assessing the func-
tion of pig GTSM3 in seminal plasma (Llavanera et al., 2020a). In
that study, a role of GSTM3 during epididymal maturation, but
not in ejaculated sperm, was suggested (Llavanera et al., 2020a).
These results agree with those reported herein, evidencing that
GSTM3 might play a key role during epididymal maturation rather
than in sperm antioxidant capacity.

Regarding the putative relationship between GSTM3 levels and
sperm chromatin status, our work did not find any significant rela-
tionship between both parameters, suggesting that GSTM3 is not
involved in sperm chromatin (de)condensation. In contrast,
Tarozzi et al. (2009) reported a negative relationship between the
antioxidant capacity of seminal plasma and the protamination sta-
tus of sperm chromatin in humans. These differences could be
explained because sperm GSTM3 might not play an antioxidant
role on sperm, which agrees with the fact that no relationship

between its levels and the parameters concerning oxidative stress
was observed. Due to the low number of samples used in both
studies, nevertheless, further research to elucidate the relationship
between antioxidant enzymes and sperm chromatin status is
required.

As previously described in other mammalian species, sperm
GSTM3 could be related to male fertility, since it is a membrane-
bound protein that interacts with the zona pellucida during fer-
tilisation (Botta et al., 2009; Agarwal et al., 2015; Llavanera et al.,
2019b). Our results evidenced a negative correlation between
sperm GSTM3 content and in vivo fertility in bovine sperm. In
effect, low sperm GSTM3 levels were found in highly fertile males
when compared to subfertile individuals. These results agree with
those reported by other authors assessing the relationship between
sperm GSTM3 and in vivo fertility in humans and pigs, with lower
levels of GSTM3 in highly fertile ejaculates (Botta et al., 2009;
Kwon et al., 2015). The increased levels of sperm GSTM3 in males
showing reduced fertility might be associated to an increased rate
of defective spermatogenesis and/or epididymal maturation
(Sabeti et al., 2016). Because the main role of GSTM3 is known to
be cell detoxification, spermatogonia with high oxidative stress
and/or inadequate spermatogenesis may enhance the expression
of GSTM3 (Llavanera et al., 2019b). Consequently, sperm with
defective spermatogenesis and subsequent impaired fertility might
show higher levels of GSTM3, indicating increased oxidative stress
during spermatogenesis (Gharagozloo and Aitken, 2011). More-
over, given the previously mentioned association between GSTM3
content and secondary malformations during epididymal matura-
tion (Llavanera et al., 2020a), this antioxidant enzyme could also
be implied in this process. Our results are consistent with those
reported in men and boars showing sperm GSTM3 as a potential
fertility biomarker in these species. In this regard, although further
research is required, sperm GSTM3 may be used as a biomarker of
in vivo fertility rates in bovine, which is of great interest for the
dairy breeding industry. Furthermore, these results pave the way
for future research regarding the role of sperm GTSM3 in other
mammalian species.

In conclusion, immunoblotting analysis evidenced the presence
of GSTM3 in bovine sperm for the first time. Immunofluorescence
results confirmed the species-specific expression pattern of GSTM3
in bovine sperm, reported along the sperm tail and the equatorial
segment, and differing from those observed in other mammalian

Fig. 7. (A) Box plot representing the distribution of non-return rates (NRRs) between bulls showing high/low sperm GSTM3 content (arbitrary units; AUs). (B) Scatter plot of
Spearman’s rank correlation coefficients between GSTM3 relative content and NRR. (*) indicates significant differences between GSTM3 groups (P < 0.05). Abbreviations:
GSTM3, Glutathione S-transferase Mu 3.
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species. When analysing its potential role as a sperm quality
biomarker, no significant association between GSTM3 and sperm
quality and metabolism parameters, such as ROS levels and sperm
chromatin (de)condensation, was observed. Interestingly, high
GSTM3 levels were related to a lower percentage of sperm showing
tail morphologic abnormalities, suggesting a putative function of
this enzyme during epididymal maturation. Finally, we also
assessed if GSTM3 could be a male in vivo fertility biomarker in cat-
tle. As previously described in humans and pigs, high GSTM3 levels
in bovine sperm were found to correlate with low fertility rates.
Thus, although further studies involving a larger number of ani-
mals are required to confirm our results, this work suggests that
sperm GSTM3 could be used as a fertility biomarker in bovine.
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Fifty percent of male subfertility diagnosis is idiopathic and is usually associated with
genetic abnormalities or protein dysfunction, which are not detectable through the
conventional spermiogram. Glutathione S-transferases (GSTs) are antioxidant enzymes
essential for preserving sperm function and maintaining fertilizing ability. However,
while the role of GSTP1 in cell signaling regulation via the inhibition of c-Jun
N-terminal kinases (JNK) has been enlightened in somatic cells, it has never been
investigated in mammalian spermatozoa. In this regard, a comprehensive approach
through immunoblotting, immunofluorescence, computer-assisted sperm assessment
(CASA), and flow cytometry analysis was used to characterize the molecular role
of the GSTP1–JNK heterocomplex in sperm physiology, using the pig as a model.
Immunological assessments confirmed the presence and localization of GSTP1 in sperm
cells. The pharmacological dissociation of the GSTP1–JNK heterocomplex resulted in
the activation of JNK, which led to a significant decrease in sperm viability, motility,
mitochondrial activity, and plasma membrane stability, as well as to an increase
of intracellular superoxides. No effects in intracellular calcium levels and acrosome
membrane integrity were observed. In conclusion, the present work has demonstrated,
for the first time, the essential role of GSTP1 in deactivating JNK, which is crucial to
maintain sperm function and has also set the grounds to understand the relevance of
the GSTP1–JNK heterocomplex for the regulation of mammalian sperm physiology.

Keywords: ezatiostat, GSTP1-JNK heterocomplex, mitochondria, sperm functionality, mammalian sperm

INTRODUCTION

In humans, about 30–50% of fertilizations fail because of male subfertility problems, usually
related to abnormal sperm count, motility, and/or morphology (Ghuman and Ramalingam, 2017).
However, over 50% of male subfertility diagnosis is of unknown etiology, since no abnormalities are
detected in conventional semen analysis (sperm count, motility, and morphology) (Ghuman and
Ramalingam, 2017). These patients are diagnosed as normozoospermic subfertile men (i.e., male
idiopathic subfertility). Male idiopathic subfertility has been associated with genetic abnormalities
(Carrell et al., 2006) and low levels of sperm-specific proteins (Parent et al., 1999; Bracke et al.,
2018). While the general processes of sperm maturation, capacitation, and fertilization are well
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described, the underlying molecular mechanisms that take place
in mammalian sperm cells remain mostly unknown (Klinovska
et al., 2014). The origin of male idiopathic subfertility may
be explained by molecular defects in these processes, since
they are not detectable through the conventional spermiogram
(Bracke et al., 2018). For this reason, characterization of signaling
pathways and posttranslational modifications in mammalian
sperm cells are of utmost interest for the andrology field.

Several studies reported the association between male
idiopathic subfertility or infertility and some null genotypes of
glutathione S-transferases (GSTs) (Aydos et al., 2009; Safarinejad
et al., 2010; Vani et al., 2010; Tang et al., 2012; Kan et al.,
2013; Lakpour et al., 2013; Song et al., 2013; Kolesnikova et al.,
2017). Moreover, recent studies have evidenced the essential
role of these antioxidant enzymes in sperm protection against
oxidative stress and preservation of sperm function and fertilizing
ability (Llavanera et al., 2019b, 2020). The first evidence of GST
activity in mammalian sperm dates back to 1978 in murine
species (Mukhtar et al., 1978), and the first report confirming the
presence of the Pi class of GSTs (GSTP1) was published in 1998
in goat sperm (Gopalakrishnan et al., 1998). Since then, several
proteomic profiling studies have identified GSTP1 in the sperm
cells of a wide range of mammalian species, including humans
(Wang et al., 2013), mice (Vicens et al., 2017), pigs (Pérez-Patino
et al., 2019), cattle (Peddinti et al., 2008), and coatis (Rodrigues-
Silva et al., 2018). In somatic cells, the main well-defined function
of GSTP1 is cell signaling regulation via inhibition of the c-Jun
N-terminal kinase (JNK)–C-Jun pathway (Adler et al., 1999;
Wang et al., 2001; Turella et al., 2005). In non-stressed cells,
GSTP1 is able to inhibit JNK kinase activity by blocking the JNK-
binding site to C-Jun, forming a GSTP1–JNK heterocomplex.
However, under cellular stress conditions, a GSTP1 aggregation
followed by its dissociation from the heterocomplex leads to an
increase in JNK activity (Adler et al., 1999; Wang et al., 2001;
Turella et al., 2005). Recently, the JNK signaling cascade has
been reported to be involved in sperm capacitation and apoptosis
(Luna et al., 2017), which may undercover the role of GSTP1 in
sperm physiology. However, the role of GSTP1 and the JNK–C-
Jun pathway in mammalian sperm still remains unknown.

Ezatiostat or Terrapin 199 (TER) is a specific inhibitor of the
GSTP1–JNK heterocomplex, used as an anticancer drug (Wu
and Batist, 2013). After intracellular de-esterification, which is
a process that commonly occurs in sperm cells (Griveau and Le
Lannou, 1997), the active form of TER binds to GSTP1, blocking
its JNK-binding site and, therefore, inhibiting the formation of
the GSTP1–JNK heterocomplexes (Mathew et al., 2006). This
inhibition enables JNK phosphorylation and activation of the
subsequent pathway.

Along these lines, understanding the molecular role of the
GSTP1–JNK heterocomplex in mammalian sperm physiology
is much warranted. Herein, cell biology and immunological
approaches were performed through pharmacologically
inhibiting the formation of the GSTP1–JNK heterocomplex,
prior to analyzing sperm quality and functionality parameters,
the presence and localization of GSTP1, and the activation
of JNK. Therefore, the present study aimed to investigate the
function of this heterocomplex in mammalian sperm physiology,

using the pig as a model, which has recently been stablished as a
suitable animal model for research in human reproduction (Zigo
et al., 2020). Accordingly, we hypothesized that the dissociation
of the GSTP1–JNK heterocomplex, known to occur under
cellular stress conditions, enhances the JNK signaling pathway
and disrupts sperm physiology. The results obtained in this study
can be used as a starting point for further investigations seeking
the molecular basis of sperm dysfunction and may contribute to
shedding light into the diagnosis of idiopathic male infertility.

MATERIALS AND METHODS

Reagents
Chemicals and reagents were purchased from Sigma-Aldrich
(Saint Louis, MO, United States), unless otherwise indicated.
TER was reconstituted in dimethyl sulfoxide (DMSO) to a
stock solution of 64 mM. Fluorochromes [SYBR-14, propidium
iodide (PI), merocyanine 540 (M540), Yo-Pro-1, 5,50,6,60-
tetrachloro-1,10,3,30-tetraethyl-benzimidazolylcarbocyanine
iodide (JC1), Fluo3-AM (Fluo3), hydroethidine (HE), and
fluorescein-conjugated peanut agglutinin/PI (PNA)] were
purchased from Life Technologies (Thermo Fisher Scientific,
Carlsbad, CA, United States). SYBR-14, M540, Yo-Pro-1, JC1,
Fluo3, and HE were reconstituted in DMSO, whereas PI and
PNA were diluted in phosphate-bu�ered saline (PBS) 1X.
Antibody against GSTP1 (ref. MBS3209038) was purchased
from MyBioSource (San Diego, CA, United States), whereas
phospho-JNK (Thr183/Tyr185) antibody (pJNK, ref. 4668S)
was purchased from Cell Signaling Technology (Danvers,
MA, United States). Secondary anti-rabbit (ref. P0448) and
anti-mouse (ref. P0260) antibodies conjugated with horseradish
peroxidase for immunoblotting analysis were purchased from
Dako (Derkman A/S, Denmark), whereas the secondary
anti-rabbit antibody conjugated with Alexa Fluor 488 for
immunofluorescence analysis was purchased from Thermo
Fisher Scientific (ref. A32731).

Animals and Ejaculates
Semen samples, commercially sold as pig artificial insemination
(AI) seminal doses, were purchased from an authorized
local AI center (Grup Gepork S.L., Masies de Roda, Spain)
that followed ISO certification (ISO-9001:2008) and operates
under commercial, standard conditions. Thirteen ejaculates
(one ejaculate per boar, n = 13) from healthy and sexually
mature Piétrain boars (1–3 years old) were collected using the
gloved-hand method and diluted (33 ⇥ 106 sperm/ml) using
a commercial extender (Vitasem LD, Magapor S.L., Zaragoza,
Spain). Packed ejaculates were transported at 17�C to the
laboratory within 4 h after ejaculation. Since seminal doses were
purchased from the aforementioned farm and the authors of this
study did not manipulate any animal, no authorization from the
institutional ethics committee was required.

Experimental Design
All semen samples (n = 13) were split into three aliquots.
The first aliquot was used to assess initial sperm quality
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and functionality (control-0h). The second and third aliquots
were liquid-stored at 17�C for 72 h in the presence of (i)
100 µM ezatiostat (TER-72h) and (ii) the same volume of
DMSO, as a vehicle control group (control-72h). Concentration
of TER was selected based on the results obtained from a
preliminary concentration test performed in our laboratory
(Supplementary Figure 1), whereas storage time was decided
following practical application criteria, considering that sows
are artificially inseminated (two to three times per estrus)
with AI doses stored until 72 h at 17�C. After 72 h, both
groups were incubated at 38�C for 1 h prior to their analysis.
All assessments were performed at every time point (control-
0h, control-72h, and TER-72 h). Sperm motility, viability,
plasma membrane stability, mitochondrial activity, intracellular
calcium levels, intracellular superoxide levels, and acrosome
membrane integrity were determined to evaluate sperm quality
and functionality. The presence and localization of GSTP1 were
explored by immunoblotting and immunofluorescence analyses,
respectively. Finally, the activation of the JNK pathway was
evaluated through immunoblotting analysis of JNK tyrosine
and threonine phosphorylation. Raw data of sperm quality and
functionality parameters of all treatments and time points are
available as a data set (Supplementary Table 1).

Sperm Motility Analysis
Sperm motility assessment was performed through a computer-
assisted sperm analysis (CASA) system, using an Olympus BX41
microscope (Olympus, Tokyo, Japan) with a negative phase-
contrast field (Olympus 10 ⇥ 0.30 PLAN objective, Olympus)
connected to a personal computer containing the ISAS software
(Integrated Sperm Analysis System V1.0, Proiser S.L., Valencia,
Spain). Semen samples were incubated for 15 min at 38�C prior
to motility assessment. Once incubated, 5 µl of each sample was
examined in a prewarmed (38�C) Makler counting chamber (Sefi
Medical Instruments, Haifa, Israel). Three technical replicates
of at least 500 sperm per replicate were examined in each
sample. Total motility (TMOT), progressive motility (PMOT),
and average path velocity (VAP, µm/s) were used to evaluate
sperm motility. A sperm cell was considered motile when VAP
was �10 µm/s and progressively motile when the coe�cient of
straightness (STR) was �45%.

Flow Cytometric Assessments
Sperm viability, plasma membrane stability, mitochondrial
activity, intracellular calcium levels, intracellular superoxide
levels, and acrosome membrane integrity assessments were
conducted using a Cell Laboratory QuantaSC cytometer
(Beckman Coulter, Fullerton, CA, United States) equipped with
an argon-ion laser (488 nm) set at a power of 22 mW. Semen
samples were diluted (2 ⇥ 106 sperm/ml) in prewarmed PBS to a
final volume of 600 µl prior to staining with the corresponding
protocol. Sperm viability (SYBR-14/PI) (Garner and Johnson,
1995), plasma membrane stability (M540/Yo-Pro-1) (Rathi et al.,
2001), mitochondrial membrane potential (MMP; JC1) (Ortega-
Ferrusola et al., 2007), intracellular calcium levels (Fluo3/PI)
(Harrison et al., 1993), intracellular superoxide levels (HE/Yo-
Pro-1) (Guthrie and Welch, 2006), and acrosome membrane

integrity (fluorescein-conjugated PNA/PI) (Nagy et al., 2003)
were assessed. Extended flow cytometry protocols are described
in Supplementary File 1.

The electronic volume (EV) gain, PMT voltages of optical
filters (FL-1, FL-2, and FL-3), and fluorescence overlapping
were set using unstained and single-stained samples of each
fluorochrome. Flow rate, laser voltage, and sperm concentration
were constant throughout the experiment. Sperm cells from
debris events were distinguished using EV. Three technical
replicates of at least 10,000 sperm per replicate were examined
for each sample. As recommended by the International Society
for Advancement of Cytometry (ISAC), Flowing Software (Ver.
2.5.1, University of Turku, Finland) was used to analyze
flow cytometry data.

Immunofluorescence Analysis
Semen samples were diluted in PBS (3 ⇥ 106 sperm/ml) and
fixed in 2% paraformaldehyde (Alfa Aesar, Haverhill, MA,
United States) and washed twice. Two 150-µl aliquots of
each sample were placed in an ethanol prerinsed slide and
subsequently blocked and permeabilized for 40 min at room
temperature (RT) with a blocking solution containing 0.25%
(v:v) Triton X-100 and 3% (w:v) bovine serum albumin (BSA).
Samples were incubated with anti-GSTP1 antibody (1:200, v:v)
overnight, washed thrice, and subsequently incubated with
an anti-rabbit antibody (1:400, v:v). In negative controls, the
primary antibody was omitted. Then, 10 µl of Vectashield
mounting medium containing 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI) was added prior to being covered and
sealed with nail varnish. Finally, each sample was evaluated using
a confocal laser scanning microscope (CLSM, Nikon A1R, Nikon
Corp., Tokyo, Japan).

Immunoblotting Analysis
Semen samples were centrifuged twice (3,000 ⇥ g for 5 min), and
the sperm pellets were resuspended in lysis bu�er (xTractorTM
bu�er, Takara Bio, Kusatsu, Japan) following the manufacturer’s
instructions. Then, samples were centrifuged (10,000 ⇥ g for
20 min at 4�C), and the supernatants were assessed for total
protein quantification using a detergent-compatible method
(Bio-Rad, Hercules, CA, United States). Finally, samples were
stored at �80�C until analysis.

Twenty micrograms of total protein was diluted (1:1, v:v)
in Laemmli reducing bu�er 4X (Bio-Rad) and heated at 95�C
for 7 min prior to being loaded onto a 12% polyacrylamide
gel (Mini-PROTEANR� TGX Stain-FreeTM Precast Gels, Bio-
Rad) and electrophoresed for 2 h at 120 V. Total protein
was visualized using a G:BOX Chemi XL system (Syngene,
Frederick, MD, United States). Mini-PROTEANR� TGX Stain-
FreeTM Precast Gels contain a trihalo compound that allows
fluorescent detection of tryptophan residues. Thereafter, proteins
from the gel were transferred onto polyvinylidene difluoride
(PVDF) membranes using the Trans-Blot R� TurboTM (Bio-
Rad). Transferred membranes were blocked using 5% BSA
and incubated with the anti-GSTP1 (1:5,000, v:v) or anti-pJNK
(1:2,000, v:v) antibodies for 1 h in agitation at RT. Next,
membranes were rinsed thrice and incubated with the secondary
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anti-rabbit antibody 1:10,000 (v:v) for GSTP1 and 1:4,000 (v:v)
for pJNK. Then, membranes were washed five times, and bands
were visualized through incubation with a chemiluminescent
substrate (ImmobilonTM Western Detection Reagents, Millipore,
United States) prior to scanning with G:BOX Chemi XL 1.4
(Syngene, India). Finally, membranes were stripped, and the
process was repeated by replacing the primary antibody for
the anti-a-tubulin antibody (1:100,000, v:v) and the secondary
antibody for the anti-mouse antibody (1:150,000, v:v), as loading
control and for normalization. In the pJNK assessment, Quantity
One software package (Version 4.6.2, Bio-Rad) was used to
quantify the bands of two technical replicates per sample,
normalized using a -tubulin.

Statistical Analysis
Plotting and statistical analysis of the results were performed
using GraphPad Prism v.8 (GraphPad Software, La Jolla, CA,
United States) and IBM SPSS for Windows v. 25.0 (IBM Corp.,
Armonk, NY, United States). Each biological replicate was
considered a statistical case, and data were checked for normal
distribution (Shapiro–Wilk test) and homogeneity of variances
(Levene test). Sperm quality and functionality parameters, as
well as normalized pJNK relative levels, were compared between
treatments (control-0h, control-72h, and TER-72h) using a one-
way ANOVA followed by Tukey’s multiple-comparison test. Data
are shown asmean± standard error of themean (SEM). The level
of significance was set at p  0.05.

RESULTS

GSTP1 Is Present in Sperm Cells and Is
Localized in the Principal and End Pieces
of the Tail
The presence and localization of GSTP1 in sperm samples are
presented in Figures 1, 2. Immunoblotting analysis of GSTP1
(Figure 1A) showed a single band of ⇠48 kDa in all samples,
whereas anti-a-tubulin (Figure 1B) showed a ⇠50 kDa band. In
Figure 2, a GSTP1 signal was observed in the posterior region
of the head and the middle, principal, and end pieces of the tail
of control-0h samples. In control-72h and TER-72h samples, the
GSTP1 signal was observed only in the equatorial subdomain of
the head and in the principal and end pieces of the tail.

Inhibition of GSTP1–JNK Heterocomplex
Formation by TER Induces Thr183 and
Tyr185 Phosphorylation of JNK
Immunoblotting analysis of Thr183 and Tyr185 phosphorylation
of JNK revealed a double-band pattern showing both p46 and p54
splicing variants of JNK (Figure 3). Anti-a-tubulin immunoblot
showed a single band of ⇠50 kDa, which corresponds to
a-tubulin. Subsequent band quantification analysis of pJNK
normalized using a-tubulin showed a significant increase
(p < 0.05) in the relative levels of Thr183 and Tyr185
phosphorylation of the p46 splicing variant of JNK in TER-72h
samples when compared to control-0h and control-72h samples.

However, no e�ects of TER were observed in Thr183 and Tyr185
phosphorylation of the p54 splicing variant (p > 0.05).

Sperm Viability Is Reduced by
TER-Induced JNK Phosphorylation
The percentage of viable sperm was higher (p < 0.05) in the
semen samples of the control-0h group than in those of the
TER-72h and control-72h groups (Figure 4). In addition, sperm
viability was lower (p < 0.05) in the semen samples of the
TER-72h group compared to those of the control-72h group.

Phosphorylation of JNK by the Inhibition
of GSTP1–JNK Binding Impairs Sperm
Motility
As shown in Figure 5, the percentage of total and progressive
motile sperm was higher (p < 0.05) in the semen samples of the
control-0h group than in those of the control-72h and TER-72h
groups. However, VAP was lower (p< 0.05) in the semen samples
of the TER-72h group compared to those of the control groups (0
and 72 h). Interestingly, total and progressive motility and VAP
were significantly lower (p < 0.05) in the semen samples of the
TER-72h group than in those of the control-72h group.

Mitochondrial Activity Is Significantly
Reduced by JNK Phosphorylation by the
Inhibition of GSTP1–JNK Binding
The assessment of MMP is presented in Figure 6. The percentage
of sperm showing high MMP di�ered (p< 0.05) among the three
groups, with the semen samples of the control-0h and TER-72h
groups showing the highest and lowest percentages, respectively.
Thus, a dramatic reduction inMMPwas observed in the TER-72h
group when compared to the control groups.

Sperm Plasma Membrane Is Highly
Destabilized by the Inhibition of
GSTP1–JNK Binding and Subsequent
JNK Phosphorylation
As shown in Figure 7, sperm membrane stability was presented
as the percentage of membrane-destabilized cells within the total
viable sperm population. The percentage of viable sperm showing
plasma membrane destabilization was higher (p < 0.05) in the
semen samples of the TER-72h group than in those of the control
groups (0 and 72 h). On the other hand, the plasma membrane
stability of the semen samples did not di�er between control
groups (p > 0.05).

Intracellular Superoxide Levels Were
Increased by the Phosphorylation of JNK
Figure 8 shows the relative E+ fluorescence intensity of the
viable sperm population. No di�erences (p> 0.05) were observed
in intracellular superoxide levels between semen samples of
control groups (0 and 72 h). However, our results showed a
significant increase (p < 0.05) in superoxide levels in semen
samples of the TER-72h group compared to those of the control
groups (0 and 72 h).
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FIGURE 1 | Immunoblotting analysis of GSTP1. Pig sperm lysates were incubated with (A) anti-GSTP1 antibody, (B) anti-a-tubulin antibody, and (C) total protein
bands. Lanes: MW (kDa), molecular weight; Control-0h, semen samples at 0 h of storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen samples at
72 h of storage at 17�C; TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. Alpha-tubulin (anti-tubulin) and TGX
Stain-FreeTM (total protein) were performed as complementary loading controls. These results are representative of three independent experiments (n = 3).

FIGURE 2 | Immunolocalization of GSTP1 in pig sperm. (A,B) Control-0h, semen samples at 0 h of storage. (C,D) Control-72h, vehicle control (dimethyl sulfoxide;
DMSO) semen samples at 72 h of storage at 17�C. (E,F) TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. (G,H) Negative
control. The nucleus is shown in blue (DAPI), whereas GSTP1 is shown in green. Scale bars: (A,C,E): 30 µm; (B,D,F): 15 µm; (G): 20 µm; (H): 25 µm. These results
are representative of three independent experiments (n = 3).

Sperm Intracellular Calcium Levels and
Acrosome Membrane Integrity Are Not
Affected by TER-Induced JNK
Phosphorylation
The relative Fluo3 fluorescence intensity (Fluo3+) of the viable
sperm population (PI�) is presented in Figure 9, whereas
the percentage of viable sperm with an intact acrosome
(PNA�/PI�) is shown in Figure 10. No di�erences (p > 0.05)

in intracellular calcium nor acrosome membrane integrity was
observed among groups.

DISCUSSION

Several studies have evidenced the essential role of GSTs
as molecular regulators of mammalian sperm physiology
and fertilizing capacity (Gopalakrishnan et al., 1998;
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FIGURE 3 | (A) Immunoblotting of pig sperm lysate for pThr183 and pTyr185 of JNK (p46 and p54 splicing variants) and a-tubulin. Subsequent band intensity
quantification and normalization of (B) p46 and (C) p54 splicing variants of JNK, normalized using a-tubulin, showed a significant increase in Thr183 and Tyr185
phosphorylation in the p46 variant (p < 0.05), but not in the p54 variant (p > 0.05), in TER-treated samples (TER-72h) compared to control samples (control-0h and
control-72h). Lanes: MW (kDa), molecular weight; control-0h, semen samples at 0 h of storage; control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen
samples at 72 h of storage at 17�C; TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. These results are representative of
four independent experiments (n = 4). *p  0.05.

FIGURE 4 | Flow cytometry analysis of sperm viability. (A) Representative flow cytometry dot plots of propidium iodide (PI) and SYBR-14 fluorescence and
histograms showing the event count of SYBR-14 fluorescence intensity of all treatments. Black arrows show the flow cytometry population selected for analysis
represented in (B). Dark gray lines in histograms show the event count of its corresponding treatment, whereas light gray lines show the event count of the remaining
treatments. (B) Mean, standard error of the mean (SEM), and sample distribution of the percentage of viable sperm in all treatments. Control-0h, semen samples at
0 h of storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen samples at 72 h of storage at 17�C; TER-72h, semen samples treated with 100 µM
ezatiostat (TER) for 72 h of storage at 17�C. Sample size (n = 9). *p  0.05; ***p  0.001; ****p  0.0001.

Aydos et al., 2009; Safarinejad et al., 2010; Vani et al., 2010;
Tang et al., 2012; Kan et al., 2013; Lakpour et al., 2013; Song et al.,
2013; Kolesnikova et al., 2017; Llavanera et al., 2019b, 2020).
On the other hand, a recent study established JNK signaling
cascade as a regulator of specific physiological parameters in
sperm cells (Luna et al., 2017). In this regard, under physiological
conditions, GSTP1 is a well-known regulator of the JNK singling
pathway in somatic cells by inhibiting its kinase activity when
forming a GSTP1–JNK heterocomplex (Adler et al., 1999; Turella
et al., 2005). However, the e�ects of inhibiting GSTP1 upon
JNK signaling regulation in male gametes have never been
investigated. To the best of our knowledge, this is the first report
uncovering the physiological role of JNK inhibited by GSTP1 in
mammalian sperm physiology. To this end, a specific inhibitor

of the GSTP1–JNK heterocomplex was used, leading to the
subsequent activation of JNK.

While the presence of GSTP1 in the sperm was established
by proteomic studies in several mammalian species such as
human (Wang et al., 2013), murine (Vicens et al., 2017), porcine
(Pérez-Patino et al., 2019), and bovine (Peddinti et al., 2008), its
localization was determined for the first time in the present study.
Immunoblotting analysis of the present study identified a single
⇠48 kDa band corresponding to GSTP1. Although the molecular
mass of GSTP1 is ⇠24 kDa, it is known to exist intracellularly
as homodimers (Okamura et al., 2015), which is likely to be
responsible for the ⇠48 kDa band found in immunoblots.
Furthermore, immunofluorescence analysis found GSTP1 to be
localized in the posterior region of the head and the middle,
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FIGURE 5 | Computer-assisted sperm analysis (CASA) of pig semen samples. Mean, standard error of the mean (SEM), and sample distribution of the percentage of
(A) total motile sperm, (B) progressively motile sperm, and (C) average path velocity sperm (VAP; µm/s) in all treatments. Control-0h, semen samples at 0 h of
storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen samples at 72 h of storage at 17�C; TER-72h, semen samples treated with 100 µM
ezatiostat (TER) for 72 h of storage at 17�C. Sample size (n = 9). *p  0.05; **p  0.01; ****p  0.0001.

FIGURE 6 | Flow cytometry analysis of pig sperm mitochondrial activity. (A) Representative flow cytometry dot plots of JC1 monomers (JC1mon) and JC1 aggregates
(JC1agg) fluorescence and histograms showing the event count of JC1agg fluorescence intensity of all treatments. Black arrows show the flow cytometry population
selected for analysis represented in (B). Dark gray lines in histograms show the event count of its corresponding treatment, whereas light gray lines show the event
count of the remaining treatments. (B) Mean, standard error of the mean (SEM), and sample distribution of the percentage of high mitochondrial membrane potential
(MMP) sperm in all treatments. Control-0h, semen samples at 0 h of storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen samples at 72 h of
storage at 17�C; TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. Sample size (n = 9). **p  0.01; ****p  0.0001.

principal, and end pieces of the tail in fresh control samples.
The localization pattern of GSTP1 in fresh samples was similar
to that found for other GST family members such as GSTM3
in pig (Llavanera et al., 2020) and bu�alo (Kumar et al., 2014)
sperm, which is present in the entire sperm tail. Interestingly,
liquid storage for 72 h rather than inhibition with TER was
responsible for the alteration of the GSTP1 localization pattern.
Contrary to fresh samples, GSTP1 was found to be localized in
the equatorial subdomain of the head and the principal and end
pieces of the tail. A similar modulation of the GSTP1 localization
pattern due to liquid storage was observed in other GST family

members such as GSTM3 (Llavanera et al., 2020). Contrary
to that, GSTM3 was found to be relocalized to the middle
piece during sperm cryopreservation (Llavanera et al., 2019a).
According to the results of the present study, previous studies
hypothesized that the GST localization pattern in the sperm tail
and their relocalization from or to the middle piece during liquid
storage or cryopreservation, respectively, could contribute to the
explanation of their significant role in mitochondrial function,
sperm motility, and membrane stability. Sperm GSTs are known
to be membrane-anchored proteins, and thus, their localization
is determined by membrane stability (Llavanera et al., 2019b).
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FIGURE 7 | Flow cytometry analysis of plasma sperm membrane stability. (A) Representative flow cytometry dot plots of Yo-Pro-1 and merocyanine (M540)
fluorescence and histograms showing the event count of M540 fluorescence intensity of all treatments. Black arrows show the flow cytometry population selected
for analysis represented in (B). Dark gray lines in histograms show the event count of its corresponding treatment, whereas light gray lines show the event count of
the remaining treatments. (B) Mean, standard error of the mean (SEM), and sample distribution of the percentage of membrane-destabilized cells within the total
viable sperm population in all treatments. Control-0h, semen samples at 0 h of storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen samples at
72 h of storage at 17�C; TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. Sample size (n = 9). **p  0.01; ***p  0.001.

FIGURE 8 | Flow cytometry analysis of intracellular superoxide levels. (A) Representative flow cytometry dot plots of Yo-Pro-1 and ethidine (E+) fluorescence and
histograms showing the event count of E+ fluorescence intensity of all treatments. Black arrows show the flow cytometry population selected for analysis
represented in (B). Dark gray lines in histograms show the event count of its corresponding treatment, whereas light gray lines show the event count of the remaining
treatments. (B) Mean, standard error of the mean (SEM), and sample distribution of the relative E+ fluorescence intensity of the viable sperm population in all
treatments. Control-0h, semen samples at 0 h of storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen samples at 72 h of storage at 17�C;
TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. Sample size (n = 9). *p  0.05; **p  0.01.

The loss of GSTP1 from the middle piece suggests stronger
membrane destabilization of this region. In this regard, the loss
of GSTP1 in the middle piece would indicate a major membrane
destabilization of this region due to preservation in liquid storage.

As has been previously reported in the literature, the JNK
activation is regulated by GSTP1 in somatic cells (Adler et al.,
1999; Wang et al., 2001). However, there were no studies
regarding this molecular interaction in mammalian sperm
cells. Immunoblotting analysis of phospho-JNK reported herein
showed an intensified tyrosine and threonine phosphorylation
of this protein in TER-treated samples, a specific blocker of the
JNK-binding site in GSTP1. It is widely known that mitogen-
activated protein kinases (MAPKs; e.g., JNKs) are activated via

a dual phosphorylation upon tyrosine and threonine residues
(Lawler et al., 1998). Hence, our results evidence, for the
first time in mammalian sperm, the role of the GSTP1–JNK
heterocomplex as an inhibitor of JNK activation by preventing
the dual phosphorylation of tyrosine and threonine residues.

An interesting physiological e�ect of the activation of JNK
was the significant decrease in sperm mitochondrial activity,
viability, and motility. Activation of JNK has been reported
in the literature to be related to mitochondrial dysfunction
and cell death in somatic cells (Aoki et al., 2002; Heslop
et al., 2020). Admittedly, a study conducted in ram sperm
(Luna et al., 2017) showed that phosphorylation of sperm
JNK increased apoptotic-like changes and DNA damage as
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FIGURE 9 | Flow cytometry analysis of intracellular calcium levels. (A) Representative flow cytometry dot plots of propidium iodide (PI) and Fluo3-AM (Fluo3)
fluorescence and histograms showing the event count of Fluo3 fluorescence intensity of all treatments. Black arrows show the flow cytometry population selected for
analysis represented in (B). Dark gray lines in histograms show the event count of its corresponding treatment, whereas light gray lines show the event count of the
remaining treatments. (B) Mean, standard error of the mean (SEM), and sample distribution of the relative Fluo3+ fluorescence intensity of the viable sperm
population in all treatments. Control-0h, semen samples at 0 h of storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) samples at 72 h of storage at
17�C; TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. Sample size (n = 9). p > 0.05.

FIGURE 10 | Flow cytometry analysis of acrosome integrity. (A) Representative flow cytometry dot plots of propidium iodide (PI) and fluorescein-conjugated peanut
agglutinin/propidium iodide (PNA) fluorescence and histograms showing the event count of PNA fluorescence intensity of all treatments. Black arrows show the flow
cytometry population selected for analysis represented in (B). Dark gray lines in histograms show the event count of its corresponding treatment, whereas light gray
lines show the event count of the remaining treatments. (B) Mean, standard error of the mean (SEM), and sample distribution of the percentage of viable sperm with
an intact acrosome in all treatments. Control-0h, semen samples at 0 h of storage; Control-72h, vehicle control (dimethyl sulfoxide; DMSO) semen samples at 72 h
of storage at 17�C; TER-72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage at 17�C. Sample size (n = 9). p > 0.05.

well as capacitation-related events. These results would suggest
that the GSTP1–JNK heterocomplex could prevent sperm
to undergo early capacitation-related events or apoptotic-like
changes during liquid storage. In this regard, the detrimental
e�ects of JNK activation upon mitochondrial functionality in
sperm cells showed herein are in agreement with the results
reported in sperm and other cell types. Moreover, the reduction
of mitochondrial activity is likely to be responsible for the
loss of sperm motility, since mammalian sperm rely upon
high levels of the adenosine triphosphate (ATP) required for
axonemal dynein to drive sperm motility (Vívenes et al., 2009).
Altogether, our findings suggest the role of the GSTP1–JNK
heterocomplex in preserving sperm mitochondrial activity and

subsequent viability and motility as well as in preventing
capacitation-related events or apoptotic-like changes. Specific
molecular mechanisms through which JNK activation may
trigger sperm mitochondrial dysfunction in sperm cells remains
to be determined. However, in somatic cells, JNK-mitochondrial
SH3-domain binding protein 5 (SAB), a docking protein for
JNK, has been suggested as a putative responsible for these
processes, since it was found to lead to an intramitochondrial
signal transduction pathway that impairs mitochondrial activity
and enhances the production of reactive oxygen species (Win
et al., 2018). In this regard, further investigations on the
downstream e�ects of activated JNK upon mitochondrial activity
should be performed.
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Related to sperm mitochondrial dysfunction, the results
of the present study showed an increase in intracellular
superoxide levels triggered by the GSTP1–JNK heterocomplex
dissociation and subsequent activation of JNK. Similar results
were reported in somatic cells, where JNK activation was related
to increased superoxide formation (Heslop et al., 2020). Themain
superoxide source in mammalian sperm cells is known to be the
mitochondria, specifically, the electron transport chain (Storey,
2008; Brand, 2016). These results suggest that, in line with
the previously mentioned results, the activation of JNK would
lead to the disruption of the electron transport chain of sperm
mitochondria. Moreover, previous studies in caprine and porcine
evidenced the essential role of sperm GSTs in maintaining
mitochondrial activity and physiological levels of reactive oxygen
species (Hemachand and Shaha, 2003; Llavanera et al., 2020).
Related with this, the results of the present study would indicate
that the e�ects of GSTs upon sperm mitochondria would be
mediated by a JNK signaling pathway. However, further research
regarding the molecular mechanism of GSTs in regulating sperm
mitochondrial function is required.

Our results showed that pharmacological dissociation of the
GSTP1–JNK heterocomplex in sperm cells significantly impaired
the stability of lipidic membranes, although it did not a�ect
the acrosome membrane. Previous studies utilizing general GST
inhibitors in goat and pig sperm reported high levels of plasma
membrane damage and destabilization, although they did not
find any e�ect on the acrosomal membrane (Gopalakrishnan and
Shaha, 1998; Llavanera et al., 2020). These evidences reveal a
significant role of these antioxidant enzymes on the stability of
sperm plasmamembrane but not on that of acrosomemembrane.
In accordance with the previously reported results, these findings

could suggest a specific destabilization of the membranes located
in the middle and principal pieces rather than from the sperm
head, which could cause mitochondrial and motility impairment.
However, the specific localization and molecular mechanisms by
which GSTs are able to maintain membrane stability are currently
unknown. The results of the present study shed some light on
the mechanisms regulating destabilization of sperm membranes,
suggesting that this process could bemediated by the activation of
JNK signaling. However, the specific JNK downstream signaling
proteins are yet to be determined. Uncovering the specific
molecular signaling pathway through which sperm membrane
stability is reduced is of utmost interest to develop new strategies
for increasing sperm life span and quality.

Interestingly, although GSTP1–JNK dissociation caused
severe mitochondrial damage and membrane destabilization
in sperm cells, it did not have any e�ects upon intracellular
calcium reservoirs. In this sense, previous studies in pig sperm
showed that general GST inhibitors caused a significant increase
in calcium levels, predominantly in the sperm middle piece
(Llavanera et al., 2020). The present results suggested that, despite
some specific GST classes being involved in the regulation of
sperm calcium levels, the inhibition of GSTP1 upon JNK seems
not to be related to calcium fluctuations. However, further
research tackling calcium levels due to JNK activation should be
performed in order to confirm this hypothesis.

In conclusion, immunological and cell biology analyses
confirmed that, as schematized in Figure 11, the dissociation
of the GSTP1–JNK heterocomplex results in the activation
of JNK and significantly declines sperm viability, motility,
mitochondrial activity, and plasma membrane stability and
increased superoxide levels, without altering intracellular calcium

FIGURE 11 | Proposed diagram of the function of the GSTP1–JNK heterocomplex under physiological conditions and cellular stress in sperm cells. In physiological
conditions, the GSTP1–JNK heterocomplex prevents JNK activation, maintaining sperm viability, motility, mitochondrial activity, and plasma membrane stability and
increased superoxide levels. On the other hand, under cellular stress conditions, the GSTP1–JNK heterocomplex is dissociated, and thus, JNK is activated by
tyrosine (pY) and threonine (pT) phosphorylation. The activation of JNK decreases sperm viability and motility, disrupts mitochondrial activity, causes plasma
membrane destabilization, and increases intracellular superoxide levels.
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levels and acrosome membrane integrity. Thus, the present
study provides several evidences supporting the molecular
role of JNK activation via dissociation of the GSTP1–JNK
heterocomplex, uncovering the role of this protein inmaintaining
sperm functionality, especially with regard to the preservation
of mitochondrial physiology. These findings set the grounds
for understanding the relevance of GSTP1–JNK cell signaling
regulation in mammalian sperm physiology.

DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS
MY and ML: conceptualization and methodology. ML, SO,
YM-O, AD-B, and SR: formal analysis and investigation. ML:
writing-original draft preparation. MY and IB: writing-review
and editing and supervision.MY: funding acquisition. All authors
contributed to the article and approved the submitted version.

FUNDING
The authors acknowledged the support from the Ministry of
Science, Innovation and Universities, Spain (RYC-2014-15581,
AGL2017-88329-R, FJCI-2017-31689, and FPU18/00666), and
Regional Government of Catalonia, Spain (2017-SGR-1229).

ACKNOWLEDGMENTS
The authors would like to thank the Technical Research Services
(University of Girona) for their technical support. The authors
would also like to thank the Servier Medical Art for their image
bank used to create all figures.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
627140/full#supplementary-material

Supplementary Figure 1 | Preliminary concentration test. Mean and standard
error of the mean (SEM) of the percentage of (A) viable sperm, (B) total motile
sperm, (C) viable-membrane destabilized sperm,and (D) high mitochondrial
membrane potential (high MMP) sperm. Different ezatiostat (TER) concentrations
(10 µM, 100 µM, and 1000 µM) were tested (TER 72h; light gray bars), and the
same volume of DMSO was added to Control-72h samples as a vehicle control
group (Control 72h; medium gray bars). Semen samples at 0 h of storage were
also analyzed (Control 0h; dark gray bars). Sample size (n = 3). ⇤p  0.05;
⇤⇤p  0.01. ⇤⇤⇤p  0.001. A concentration of 10 µM of TER showed no effect on
any sperm quality parameter compared to Control 0h and 72h samples
(p > 0.05). Sperm samples treated with 100 µM showed a significant decrease in
total sperm motility (p < 0.001) and MMP (p < 0.01), an increased sperm
membrane destabilization (p < 0.001), and a minor but significant decrease in
sperm viability (p < 0.05), compared to the Control 0h and 72h samples. Finally,
samples treated with 1000 µM of TER showed significant (p < 0.001) detrimental
effects upon all sperm quality parameters, especially on sperm viability, compared
to the Control 0h and 72h samples. These results suggested that samples treated
with 10 µM of TER did not exert any effect upon sperm physiology, whereas
1000 µM of TER caused cytotoxic effects on sperm and thus masking the
physiological effects of the inhibitor upon sperm quality and functionality. Finally,
samples treated with 100 µM of TER showed physiological effects upon sperm
membranes, mitochondria, and motility without exerting critical cytotoxicity.

Supplementary Table 1 | Raw data. Raw data of sperm quality and functionality
parameters of all treatments and time points. TMOT, percentage of total motile
sperm; PMOT, percentage of progressively motile sperm; VAP, sperm average
path velocity (µm/s); VIABILITY, percentage of viable sperm (SYBR-14+/PI�);
M540, percentage of membrane-destabilized cells (M540+) within the total viable
sperm population (Yo-Pro-1�); HE, relative fluorescence intensity of viable sperm
with high levels of intracellular O2

� · (E+/PI�); JC1, percentage of high
mitochondrial membrane potential sperm (19m) resulted from the orange-stained
(JC1agg) population; PNA, percentage of acrosome membrane-intact sperm
(PNA-FITC�) within the total viable sperm population (PI�); FL3, relative Fluo3-AM
fluorescence intensity of viable sperm with high levels of intracellular calcium
(Fluo3-AM+/PI�); CNT 0h, semen samples at 0 h of storage; CNT 72h, vehicle
control (dimethyl sulfoxide; DMSO) semen samples at 72 h of storage at 17�C;
TER 72h, semen samples treated with 100 µM ezatiostat (TER) for 72 h of storage
at 17�C.

Supplementary File 1 | Supplementary information for Materials and Methods.
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Abstract 

Background. Previous evidence suggested that sperm Glutathione S-transferase 

Mu 3 (GSTM3) is essential for proper mitochondrial function, plasma membrane 
stability and oxidative regulation in mammalian sperm. In humans, however, 

neither has this enzyme been related to semen alterations nor has it been reported 
to be associated to oxidative DNA damage and (in)fertility. Objectives. The aim of 

the present study was to assess the usefulness of GSTM3 to predict spermiogram 
alterations and oxidative DNA damage in sperm. Material and Methods. A total of 

26 semen samples were collected, evaluated by conventional semen analysis, 

subsequently cryopreserved, and assessed for DNA fragmentation and the 
presence, localisation and content of GSTM3. Results. Sperm GSTM3 content 

was positively related to sperm quality parameters (P < 0.05). Specifically, lower 

levels of this antioxidant enzyme were observed in 
asthenoteratozoospermic/oligoasthenoteratozoospermic men (P < 0.05), but not 

idiopathic infertile patients (P > 0.05), when compared to normospermic samples. 

Moreover, sperm GSTM3 was negatively associated to oxidative DNA damage (P 

< 0.05). Finally, the ability to predict spermiogram alterations was determined by 



 

150 

ROC curve analysis using GSTM3 alone (AUC = 0.91; P < 0.05), and in 

combination with oxidative DNA damage (AUC = 0.92; P < 0.05). Discussion and 

conclusions. Although the limited number of samples of the present study 
warrants further research, including clinical trials with larger sample sizes, the 

results reported herein set the grounds for using GSTM3 as a novel biomarker and 
therapy target for male infertility and oxidative DNA damage in sperm. 

 

 

1. Introduction 

Infertility is defined as the inability of sperm to fertilise the oocyte, whereas 
subfertility refers to any form of reduced fertility (1). The prevalence of infertility 

has been reported to range between 8% and 12% of couples at reproductive age, 
involving more than 48.5 million couples worldwide (2–4). About 20-30% of the 

cases are known to be exclusively caused by a male factor (3). Related to this, 

worthy of notice is the progressive decline in semen quality registered over the 
last decades (5–8), estimating a decrease of 50-60% in sperm counts between 

1973 and 2011 (9). Improving diagnosis and treatment of male infertility is, 
therefore, much warranted, especially due to the multicausal origin of the disease, 

which hinders the prediction of sperm quality and fertilising ability (10). 
At present, the diagnosis of male reproductive disorders and the 

prediction of sperm fertilising ability in fertility clinics are mainly based on 

conventional semen analysis (i.e., sperm concentration, motility and morphology). 
For this purpose, Computer-Assisted Sperm Analysis (CASA) systems have 

become a useful and rapid tool to evaluate sperm quality (11). Despite these 
advances, conventional semen analysis still shows poor sensitivity and accuracy 

for the prognosis of male (in)fertility and assisted reproduction outcomes, limiting 
its value for clinical use (12,13). For this reason, whether the conventional 

spermiogram can predict male fertility is under debate (13,14). In the route towards 
improving sperm analysis, employing molecular biomarkers has been suggested 

as an interesting approach (15). For example, sperm DNA fragmentation (SDF) 

analysis has been proposed as a putative diagnostic parameter for fertility status 
(16). Yet, because the relationship between SDF and assisted reproduction 
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outcomes is still controversial, further efforts to set novel molecular markers are 
needed. 

Glutathione S-transferases (GSTs) are antioxidant enzymes with a triple 

role in mammalian sperm: (i) detoxification of electrophilic compounds, (ii) 
regulation of cellular signalling and (iii) zona pellucida recognition (17). Many GST 

isoforms have been described in mammalian sperm and seminal plasma, such as 
GSTAs (18), GSTMs (18–22), GSTPs (18–20,22), and GSTOs (22–24). Specifically, 

in humans, impaired expression of GSTs has been associated with reduced male 
fertility. Several studies evidenced that null GSTM or GSTT genotypes are a risk 

factor causing idiopathic male infertility (25–32). Moreover, sperm from a GSTM 
null genotype showed increased reactive oxygen species (ROS) levels in sperm 

(33) and their DNA was more susceptible to be damaged when individuals were 

exposed to air pollution (34). In other mammalian species, sperm GSTs, and 
specifically GSTM3, were found to play a key role in sperm physiology. In goats, 

sperm GSTs were associated to lipid peroxidation and mitochondrial activity (35). 
In pigs, GSTM3 was established as a sperm quality (36), fertility (37), cryotolerance 

(38) and liquid-preservation (36) biomarker in sperm. Given the aforementioned 
association between GSTs, sperm physiology and male (in)fertility, exploring the 

putative role of sperm GSTM3 as a molecular biomarker for human male fertility is 

much warranted. To the best of the authors’ knowledge, nevertheless, little 
evidence in the literature regarding the physiological role of GSTM3 in human 

sperm as well as their potential capacity to predict fertilising ability is available.  
The objectives of the present study were to (i) determine the presence and 

localisation of GSTM3 in human sperm; (ii) explore the association of sperm 
GSTM3 levels with sperm quality and DNA damage; and (iii) address the potential 

use of this antioxidant enzyme to predict sperm quality and male (in)fertility. 
 

 

2. Materials and Methods 

2.1. Patients and samples 
Healthy, fertile men and men referred for clinical infertility evaluation were included 

in the study. Infertile men were considered as those unable to conceive after one 
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year of regular unprotected intercourse, regardless of whether they had a normal 
(idiopathic) or an altered (asthenoteratozoospermia or 

oligoasthenoteratozoospermia) seminogram. Fertile men were considered to be 

those that conceived a child within a year prior to semen donation and had a 
normal seminogram. Semen samples were obtained in collaboration with the 

Autonomous University of Barcelona (UAB), Spain. All donors signed the informed 
consent, and the study was approved by the Ethics Committee of Parc Taulí 

Health Corporation, Spain (ref.: 2008532). A total of 34 semen samples were 
collected after 2–5 days of sexual abstinence and, following liquefaction at room 

temperature, they were evaluated on the basis of the conventional spermiogram 
(sperm concentration, ejaculate volume and pH, percentage of leucocytes, sperm 

motility and morphology) following the 5th Edition of the World Health 

Organisation Manual (39). All samples were free from epithelial cells. After semen 
quality evaluation, samples were cryopreserved following the protocol described 

in Ribas-Maynou et al. (40), and were stored in liquid nitrogen at -196°C until 
analysis. Samples showing >2% leukocytes (n=8) were excluded from the study 

in order to minimise non-sperm protein contamination. The remaining semen 
samples (n=26) were classified as: (i) fertile with a normal spermiogram (NSP; 

n=10); (ii) infertile with asthenoteratozoospermia or oligoasthenoteratozoospermia 

(AT/OAT; n=9); or (iii) idiopathic infertile (ID; n=7). Frozen-thawed sperm samples 
were subsequently assessed for DNA fragmentation through alkaline and neutral 

Comet assays, the presence and localisation of GSTM3 through immunoblotting 
and immunofluorescence, and the quantification of GSTM3 through an enzyme-

linked immunosorbent assay (ELISA). 
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Table 1. Average age and semen characteristics in fertile normozoospermic (NSP), infertile 

asthenozooteratospermic/oligoastenoteratozoospermic (AT/OAT), and idiopathic infertile patients 

(IDNSP). 

 
Sperm concentration and normal forms did not meet the parametric assumptions of normal distribution 
and homogeneity of variances and are expressed as median. Statistical comparisons were performed 
using the Kruskal-Walli’s test. The other parameters following the parametric assumptions are 
expressed as mean (min – max). Statistical comparisons were performed by the one-way ANOVA. P < 
0.05 was considered significant. 
 

2.2. Evaluation of sperm quality 
Sperm concentration, motility and morphology were determined as parameters 

defining sperm quality. For sperm concentration and motility, seven µL of liquefied 

semen were loaded into a 10-micron Leja Chamber (Leja Products B.V., 
Luzemestraat, Nieuw-Vennep, The Netherlands) prewarmed at 37ºC. Videos were 

captured at 30 frames per second under an Olympus AX70 phase-contrast 
microscope (Olympus Corporation, Tokyo, Japan), using the Sperm Class 

Analyzer (SCA; Microptic S.L., Barcelona, Spain) CASA system. At least 500 
spermatozoa from at least five homogeneous fields were evaluated, and sperm 

concentration (million sperm/mL), progressive motility (% type A + type B), non-
progressive motility (% type C) and the percentage of immotile sperm (% type D) 

were recorded. For sperm morphology, pre-stained SpermBlue slides (Microptic 

S.L.) were used. Briefly, 10 µL of semen were dispensed on top of the slide, 
covered with a 22 × 22 coverslip and visualised under an Olympus AX70 

microscope, using the morphology module of the SCA system. The percentage of 
sperm with abnormalities was assessed using Kruger’s strict criteria, which 

includes cytoplasmic droplets and alterations in head, midpiece and tail. 
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2.3. Alkaline and neutral Comet assays 
Both alkaline and neutral Comet assays were performed as previously described 

in Casanovas et al. (41), with minor modifications. Prior to the initiation of the 

Comet assay, glass slides were pre-treated for gel adhesion by submerging them 
into 1% low melting point agarose. First, sperm cells were diluted to a 

concentration of 1 × 106 sperm per mL. Twenty-five mL of diluted sperm were 
mixed with 50 mL of 1% low melting point agarose. Fifteen mL of the mixture was 

placed onto two pre-treated slides, covered with coverslips and incubated at 4°C 
for 5 min. Thereafter, coverslips were carefully removed, and slides were 

incubated in lysis solution 1 (0.8 M Tris-HCl, 0.8 M DTT, 1% SDS, pH=7.5) for 30 
min, and then in lysis solution 2 (0.4 M Tris-HCl, 0.4 M DTT, 50 mM EDTA, 2 M 

NaCl, pH=7.5) for further 30 min. Next, all slides were washed in TBE buffer (0.445 

M Tris-HCl, 0.445 M Boric acid, 0.01 M EDTA, pH=8) for 10 min. For the alkaline 
Comet assay, samples were incubated in denaturing solution (0.03 M NaOH, 1 M 

NaCl, pH=13) at 4°C for 2.5 min; electrophoresis was performed in 0.03 M NaOH 
buffer (pH=13) at 1 V/cm for 4 min. For the neutral Comet assay, electrophoresis 

was performed in TBE buffer at 1 V/cm for 12.5 min, and slides were further 
washed in 0.9% NaCl for 2 min. Subsequently, all slides were incubated in 

neutralising solution (0.4 M Tris-HCl, pH=7.5) for 5 min, followed by incubation in 

TBE for 2 min. Finally, all slides were dehydrated in an increasing series of ethanol 
(70%, 90% and 100%; 2 min each). Samples were visualised and captured at 

100× magnification using an epifluorescence microscope (Axio Imager Z1, Carl 
Zeiss AG; Oberkochen, Germany) equipped with a camera (AxioCam, Carl Zeiss 

AG; Oberkochen, Germany).  
Comet images of at least 100 sperm/sample were automatically analyzed 

using the CometScore v2.0 software (Rexhoover, 
http://rexhoover.com/cometscoredownload.php), quantifying the fluorescence 

intensity of Comet tails and heads. Background intensity was adjusted to correctly 

visualise the comets, and the automatic analysis was supervised by an expert to 
adjust head/tail detection and to remove overlapping and misanalyzed comets. 

The quantification of DNA breaks in sperm cells was determined by the Olive Tail 
Moment, which is an informative indicator of DNA damage in a specific cell (42,43) 
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defined by the following formula: (tail mean intensity – head mean intensity) × Tail 
DNA/100. Percentages of sperm with single- and double-stranded DNA 

fragmentation (ssSDF and dsSDF, respectively) were assessed following the 

criteria reported before by Casanovas et al. (41) and Ribas-Maynou et al. 44). 
 

2.4. Immunoblotting analysis 
Semen samples were centrifuged, supernatants were discarded, and sperm cells 

were resuspended in a cell lysis buffer (RIPA buffer). Next, samples were 
incubated in agitation at 4°C for 30 min and centrifuged at 12,000 × g and 4°C for 

20 min. Finally, supernatants were quantified for total protein through a detergent 

compatible method (DCTM Protein Assay, Bio-Rad, Hercules, CA, USA). Fifteen μ

g of total protein from each pool was resuspended in reducing buffer and heated 

at 95°C for 5 min prior to loading onto a 12% polyacrylamide gel (Mini-PROTEAN® 

TGX Stain-FreeTM Precast Gels, Bio-Rad). Next, electrophoresed proteins were 
transferred onto polyvinylidene fluoride (PVDF) membranes using Trans-Blot® 

TurboTM (Bio-Rad). Following this, and in order to get a loading control, blots were 
exposed to UV and total protein bands were acquired using a G:BOX Chemi XL 

system (SynGene, Frederick, MD, USA). Subsequently, blots were incubated in 
blocking solution (10 mmol/L Tris, 150 mmol/L NaCl, and 0.05% Tween-20; 

pH=7.3, and 5% bovine serum albumin [Roche Diagnostics, S.L., Basel, 

Switzerland]) for 1 h at room temperature. After that, blocked blots were incubated 
with an anti-GSTM3 rabbit polyclonal antibody (ref. ARP53561_P050; 1:20,000, 

v:v) at 4°C overnight. A parallel peptide competition assay was conducted by 
incubating the anti-GSTM3 antibody along with the GSTM3 blocking peptide (ref. 

AAP53561), 10 times in excess regarding the antibody. Next, blots were rinsed 
thrice and incubated with an anti-rabbit horseradish peroxidase (HRP)-conjugated 

antibody (ref. P0448, Agilent, Santa Clara, CA, USA; 1:40,000, v:v) at room 
temperature for 1 h. Finally, blots were rinsed thrice, and bands were visualised 

with a chemiluminescent substrate (Immobilon ECL Ultra Western HRP Substrate, 

Merk) and scanned using G:BOX Chemi XL. 
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2.5. Immunofluorescence analysis 
Localisation of GSTM3 in sperm was determined by immunofluorescence. Ten 

million sperm per sample were washed with PBS. Sperm were then fixed with 2% 

(w:v) paraformaldehyde and washed twice. One hundred μL of sperm were 

extended on a slide and subsequently blocked and permeabilised through 
incubation with a solution containing 1% (v:v) Triton X-100 and 5% (w:v) bovine 

serum albumin (BSA) at room temperature for 1 h. Subsequently, samples were 

incubated with a primary anti-GSTM3 antibody (ref. ARP53561_P050; 1:250, v:v) 
for 2 h. For the peptide competition assay, the GSTM3-specific blocking peptide, 

which was 10 times in excess, was incubated along with the corresponding 
primary antibody. Next, samples were washed and incubated with a secondary 

anti-rabbit antibody conjugated with Alexa FluorTM 488 (ref. A32731; 1:500, v:v) for 
1 h, and further washed in PBS for 10 min. Finally, samples were mounted with 

ProLong™ Diamond Antifade Mountant containing DAPI (ref. P36962, 
ThermoFisher). Sperm samples were examined under a confocal laser-scanning 

microscope (CLSM, Nikon A1R; Nikon Corp., Tokyo, Japan). 

 
2.6. Enzyme-linked immunosorbent assay (ELISA) 

Human GSTM3 in sperm samples was quantified using a human-specific 
sandwich ELISA kit (ABK1-E6981; Abyntek Biopharma, Derio, Spain) following the 

manufacturer’s guidelines. In brief, a standard curve was obtained by loading 100 

μL of GSTM3 standards (0, 3.12, 6.25, 12.5, 25, 50, 100 and 200 ng of GSTM3/mL) 

onto wells. The same volume of sperm lysate diluted to 1 mg of total protein per 

mL was loaded onto their corresponding wells. Following this, samples and 

standards were incubated together with detection reagents A and B at 37°C for 
60 and 30 min, respectively. Afterwards, samples were washed five times and 

incubated with the substrate of the HRP enzyme at 37°C for 12 min, prior to adding 
the stop solution. Finally, colour intensity was measured spectrophotometrically 

at 450 nm in a microplate spectrophotometer (BioTek Epoch; BioTek, Winooski, 
Vermont, USA). A standard curve relating absorbance to the GSTM3 

concentration of standards was plotted. The regression curve was subsequently 
calculated to interpolate the GSTM3 concentration of each sample; the R2 of the 
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curve was 0.9988. The ELISA kit, which was designed for human GSTM3, showed 
a sensitivity of 1.15 ng/mL. Blank control wells contained PBS 1× (pH=7.0). All 

standards and samples were loaded in duplicate. 

 
2.7. Statistical analysis 

Data were analyzed and plotted with IBM SPSS Statistics v. 25.0 (IBM Corp., 
Armonk, NY, USA) and GraphPad Prism v. 8 (GraphPad Software, La Jolla, CA, 

USA), respectively. Shapiro-Wilk and Levene tests were performed to check 
normal distribution and homogeneity of variances. Significant differences between 

groups were evaluated through an analysis of variance (ANOVA) followed by the 
post-hoc Bonferroni test. When data did not meet normality and/or homogeneity 

of variances assumptions, Kruskal–Wallis test was used as a non-parametric 

alternative. Correlations between variables were determined through the analysis 
of Spearman's rank correlation coefficients. Finally, a receiver operating curve 

(ROC) analysis to discriminate between normal and abnormal spermiograms was 
run. Three variables were assessed: 1) content of GSTM3 in sperm, 2) percentage 

of sperm showing oxidative DNA damage, and 3) regression factors from the 
principal component analysis (PCA) of the previously mentioned variables. The 

level of significance was set at P ≤ 0.05. 

 

3. Results  

3.1. GSTM3 is present in human sperm and is localised along in their tail 

Immunoblotting analysis of GSTM3 evidenced a double-band pattern of ~ 48 and 
~ 75 kDa. The GSTM3-specificity of both bands was confirmed by their absence 

in the peptide competition assay. Apparent GSTM3-specific bands were present 
in sperm samples from normospermic men, whereas undetectable levels were 

observed in samples showing an abnormal spermiogram. Moreover, 

immunofluorescence analysis allowed the localisation of GSTM3 along the tail of 
all sperm, as well as within the equatorial segment of some cells. 

 



 

158 

 
Figure 1. (A) Immunoblotting analysis of GSTM3 in human sperm. Blots resulting from incubation with 

the GSTM3 antibody (Anti-GSTM3) and its loading control (Total protein), and from incubation with the 

GSTM3 antibody plus the GSTM3 immunising peptide (Anti-GSTM3 + blocking peptide) and its loading 

control (Total protein) are shown. Lanes MW: molecular weight. Lanes NSP: pool of four sperm lysates 

from men with a normal spermiogram. Lanes ASP: pool of two sperm lysates from 

astenoteratozoospermic (AT) and oligoastenoteratozoospermic men (OAT). (B) Immunolocalisation of 

GSTM3 (i, ii, iii) and the corresponding peptide competition assay (iv, v, vi). Nucleus is shown in blue 

(DAPI), whereas GSTM3 is shown in green (FITC). Scale bars: A-B: 10 μm. 
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3.2. GSTM3 content in sperm is positively associated with their quality 
Correlations between semen quality parameters and content of GSTM3 in sperm 

are shown in Figure 2. On one hand, semen volume and pH did not show 

statistically significant correlations with sperm GSTM3 content (P > 0.05). On the 
other hand, sperm quality parameters (sperm concentration, total motility, 

progressive motility, and the percentage of morphologically normal sperm) 

showed a positive and statistically significant correlation with GSTM3 levels in 
sperm (P < 0.05). 

 

 
Figure 2. Heatmap of Spearman's rank correlation coefficients between sperm GSTM3 levels (ng 

GSTM3/mg total protein) and semen (semen volume and pH) and sperm (sperm concentration, total 

motility, progressive motility and normal forms) quality parameters. n = 26. *P ≤ 0.05. 

 

3.3. Lower GSTM3 content in sperm are associated to greater oxidative DNA 

damage  
Spearman correlation coefficients between sperm DNA integrity, assessed by 

alkaline and neutral Comet, and GSTM3 content are shown in Figure 3. Levels of 
GSTM3 were found to be negatively and significantly correlated with the 

percentage of sperm with single-strand DNA breaks (ssDNA breaks; ssSDF [%]; 
R = -0.70; P < 0.05) and the incidence of DNA breaks (R = -0.47; P < 0.05) 

measured by the alkaline Comet. Interestingly, the proportion of sperm with 

double-strand DNA breaks (dsDNA breaks; dsSDF [%]) and the incidence of DNA 
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breaks assessed by the neutral Comet were not correlated to the GSTM3 content 
in sperm (P > 0.05). 

 

 
Figure 3. Spearman's rank correlation coefficients between sperm GSTM3 content (ngGSTM3/mg 

total protein) and (A) the percentage of sperm with single-strand DNA breaks (ssDNA breaks [ssSDF, 

%]), (B) the incidence of single-strand DNA breaks, (C) the percentage of sperm with double-strand 

DNA breaks (dsDNA breaks [dsSDF, %]), and (D) the incidence of double-strand DNA breaks. n = 26. 

 

3.4. Poor quality ejaculates show lower levels of GSTM3 in sperm 
Sperm GSTM3 content was compared between quality and fertility groups (Figure 

4). Regarding sperm quality, GSTM3 levels were found to be significantly higher 
(P < 0.05) in men with NSP than in those with AT/OAT. As far as fertility groups 

are concerned, whereas fertile and idiopathic infertile men showed similar GSTM3 

levels in sperm (P > 0.05), those levels were significantly lower in infertile men with 

an altered spermiogram (P < 0.05). 
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Figure 4. Mean ± standard error of the mean (SEM) of GSTM3 levels in sperm (ngGSTM3/mg total 

protein) between (A) sperm quality and (B) fertility groups. NSP: sperm samples with normal 

spermiogram (n=17). Fertile: sperm samples from proven fertility men (n=10). Infertile (AT/OAT): sperm 

samples from infertile men with asthenoteratozoospermia or oligoasthenoteratozoospermia (n=9). 

Idiopathic infertile: sperm samples from infertile men with a normal spermiogram (n=7). *P ≤ 0.05. 

 
3.5. GSTM3 is suggested as a sperm quality biomarker in men 

Given the association between GSTM3 levels in sperm and spermiogram 
alterations, this antioxidant enzyme was explored as a putative sperm quality 

biomarker in men, through running ROC analysis (Figure 5 and Table 2). The 
incidence of ssDNA breaks and the levels of GSTM3 in sperm were capable to 

discriminate between normal and altered semen analysis (P < 0.05), with AUCs of 

0.89 and 0.91, respectively. Interestingly, the combination of the two variables 
(GSTM3 levels and ssDNA breaks) exhibited a higher AUC (0.92). 
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Figure 5. Receiver operating characteristic (ROC) curves of the percentage of sperm with single strand 

DNA fragmentation (ssSDF, %]), the levels of Glutathione S-transferase Mu3 levels in sperm (GSTM3 

[ng GSTM3/mg total protein]) and the regression factors resulting from a principal component analysis 

(PCA) of both parameters for discriminating between semen samples with a normal (n=17; 

normozoospermia) and altered (n=9; asthenoteratozoospermia and oligoasthenoteratozoospermia) 

spermiogram. 

 

Table 2. Receiver operating characteristic (ROC) curve analysis showing the area under the curve 

(AUC), standard deviation (SD), level of significance (P-value), cut-off value, sensitivity, specificity and 

likelihood ratio of the percentage of sperm with single strand DNA fragmentation (ssDNA breaks [SDF, 

%]), the sperm glutathione S-transferase mu3 levels (GSTM3 [ng GSTM3/mg total protein (TP)]) and 

the regression factors resulting from a principal component analysis (PCA) of both parameters for 

discriminating between semen samples with a normal (n=17; normozoospermia) and altered (n=9; 

asthenoteratozoospermia and oligoasthenoteratozoospermia) spermiogram. 

 
 

4. Discussion 

Male infertility is a rising disease worldwide (2–4). While much effort to standardise 

the prediction of sperm fertilising ability has been made, the multifactorial nature 
of this disease hinders the power of sperm quality to diagnose male infertility (10). 

Conventional semen analysis through a CASA system is the predominant method 
for the diagnosis and prognosis of male fertility disorders (11). Yet, the use of 

molecular biomarkers has been proposed to be helpful to identify infertility 
etiologies and predict male fertility with simple and sensitive tools (15). Although 
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glutathione S-transferases, and specifically GSMT3, have been shown to be 
related to sperm quality and male fertility in several mammalian species (17), little 

evidence is, to the best of the authors’ knowledge, available regarding the 

physiological role of GSTM3 in human sperm and its potential utilisation as a novel 
molecular biomarker. Accordingly, the present study sought to address the 

presence of GSTM3 in human sperm and elucidate its ability to predict sperm 
quality and male (in)fertility. 

 GSTM3 is a small enzyme of ~ 25 kDa. In this study, however, GSTM3 in 
immunoblotting analysis was identified as a double-band pattern of ~ 48 and ~ 75 

kDa. Despite not being detected in human sperm, the ~ 25 kDa band was 
observed in other species (37). This shift in the molecular mass of GSTM3 could 

be a result of its homodimerisation, covalent binding with other proteins, or 

posttranslational modifications. Because only few studies on the molecular 
modifications of sperm GSTM3 have been performed, this hypothesis needs 

further research. On the other hand, it is worth noting that although the percentage 
of immature germ cells in human semen is rather low (3% to 7% (46)), the GSTM3 

quantified in the present study by ELISA could originate from both sperm and 
immature germ cells. GSTM3 is especially abundant in the testis (47) and 

epididymis (22), and incorporated and/or attached to sperm during epididymal 

maturation (48), thus indicating an important role of this antioxidant enzyme during 
both spermatogenesis and epididymal maturation. Hence, even though the major 

GSTM3 content quantified herein is likely to pertain to mature sperm, a minority 
could be attributed to immature germ cells. Moreover, immunofluorescence 

analysis determined the subcellular localisation of this antioxidant enzyme in 
human sperm. Herein, GSTM3 was found to be present along the entire tail, 

comprising mid, principal and end pieces, in a similar fashion to other species 
such as the bovine (45). In some sperm cells, however, GSTM3-specific 

fluorescence was also found in the postequatorial region of the sperm head, 

resembling to the pattern reported in porcine (36). These results suggest a 
species-specific localisation of GSTM3 in sperm.  

In the present study, levels of GSTM3 were found to be positively 
correlated with sperm concentration, motility and morphology. This indicated that 
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the higher the GSTM3 content in sperm, the greater the quality of the ejaculate. 
Besides, and in line with these results, a relevant association between sperm 

GSTM3 and DNA integrity was observed. Sperm DNA damage has been shown 

to compromise embryo development in mammals (50), thus highlighting the 
relevance of the male factor on (in)fertility. Previous research suggested a putative 

influence of GSTs upon the protection of sperm DNA from oxidative damage 
(33,34). Specifically, individuals with a GSTM1 null genotype were found to exhibit 

higher susceptibility to the sperm DNA damage associated with exposure to air 
pollutants (34), and had increased ROS levels in sperm and seminal plasma (33). 

The present study also investigated the relationship between GSTM3 levels in 
sperm and DNA integrity analyzed through the Comet assay. The Comet assay is 

known to provide an accurate assessment of sperm DNA integrity, allowing the 

differentiation between single- and double-stranded DNA (ssDNA and dsDNA) 
breaks by the performance of alkaline and neutral Comet, respectively (51,52). The 

data reported herein evidenced a clear negative association between sperm 
GSTM3 content and ssSDF, but not dsSDF, breaks. Single-stranded DNA breaks 

are understood to be induced by oxidative damage, mainly as a result of 
endogenous and/or exogenous ROS (53–55). Remarkably, the current study found 

that individuals with lower levels of sperm GSTM3 exhibited greater oxidative DNA 

damage, thus supporting the essential role of this antioxidant enzyme in 
maintaining redox homeostasis and preventing oxidative DNA damage in human 

sperm. The association found herein, therefore, evidences the antioxidant role of 
GSTM3 in sperm. Related to this, it is worth mentioning that GSTM3 has been 

reported to be involved in sperm detoxification of reactive electrophiles, including 
environmental carcinogens and intracellular ROS (17). In fact, in other mammalian 

species, GSTM3 has been shown to prevent the lipid peroxidation of sperm 
membrane (35), as well as maintain mitochondrial function, plasma membrane 

stability and oxidative homeostasis (36). In the view of the above, reduced GSTM3 

levels were found in sperm from infertile men with AT/OAT, but not with idiopathic 
infertility, when compared to normospermic men. These findings suggest that 

sperm samples with poor quality have a decreased GSTM3 antioxidant capacity, 
which is likely to unbalance their redox homeostasis, increasing oxidative DNA 
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damage and subsequently reducing their fertilising ability. Although one might 
assume that high levels of this antioxidant enzyme in sperm would protect them 

from OS, the results previously reported in the literature do not align with the 

current study. In effect, Botta et al. (57) reported higher levels of GSTM3 in 
oligospermic men, and Behrouzi et al. (58) associated high GSTM3 levels in sperm 

with sperm DNA damage. These apparently contradictory results could be 
explained by methodological dissimilarities between studies. While in the present 

work GSTM3 was quantified by ELISA, relative quantification by two-dimensional 
proteomics and LS-MS/MS was carried out in the other studies. Further research 

should, therefore, address these inconsistencies and investigate the molecular 
basis underlying the individual variation of GSTM3 levels in sperm and seminal 

plasma. 

Finally, and given the clear association between sperm GSTM3 levels and 
the quality of sperm, the potential use of this protein as a sperm quality biomarker 

in men was interrogated. While this was the first study investigating whether the 
content of GSTM3 in human sperm may predict their quality, previous research 

reported that the alkaline Comet, which is associated to sperm motility (41), is a 
good predictor of sperm fertilising ability (59). In the present work, ROC analysis 

evidenced a good discrimination value of both the percentage of ssSDF breaks 

and the sperm levels of GSTM3 in differentiating normal from altered 
spermiograms (AUCs of 0.89 and 0.91, respectively). Accordingly, the two 

variables were combined through a principal component analysis (PCA), and the 
ROC analysis was re-conducted. The combination of the incidence of ssDNA 

breaks and GSTM3 levels in sperm increased the prediction potential, showing an 
AUC of 0.92, with a sensitivity of 56% and a specificity of 94%. These promising 

results encourage the utilisation of ssDNA breaks and sperm GSTM3 levels as 
reliable sperm quality biomarkers, even though further validation with larger 

sample sizes should be performed. 

In conclusion, the present work evidenced that the content of GSTM3 in 
human sperm is associated with their quality and oxidative DNA damage, and it 

could diagnose spermiogram alterations (Figure 6). Data presented herein paves 
the way towards the use of GSTM3 as a molecular marker to predict sperm quality 
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and DNA integrity in humans, being a more robust, simpler, and faster alternative 
to conventional semen analysis. These results could be of great interest for the 

field of assisted reproduction. 

 

 
Figure 6. Sperm GSTM3 is associated with oxidative damage and single-strand DNA breaks, and it 

has been confirmed as a biomarker to predict sperm quality. 
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Abstract 

Background: The growing interest in exploring new molecular biomarkers 

providing additional functional information about sperm physiology aims to 

overcome the limitations of conventional semen analysis to predict male fertility. 
Recently, great efforts have been made towards the identification and 

characterisation of sperm proteins, as they are crucial for sperm physiology in 
both humans and farm animals. In this regard, protein content in sperm may be 

used as a non-invasive diagnostic and prognostic tool, thus complementing the 
conventional spermiogram. Objectives: As Glutathione S-transferases (GSTs) 

have been reported to regulate mammalian sperm physiology, this study aimed to 
determine whether the aforementioned protein could also predict sperm DNA 

integrity and fertilising ability. Material and Methods: With this purpose, and using 

the pig as an animal model, cell biology and immunological approaches were 
combined with in vitro fertilisation procedures. Results and Discussion: Two 

specific GSTM3 bands of ~26 and ~28 kDa were identified and quantified in 

immunoblotting analysis. A strong association was found between the ~26 
kDa/Total GSTM3 ratio and single-strand, but not double-strand, DNA damage, 

evidencing its antioxidant role in the prevention of oxidative DNA damage. 
Moreover, the ~26 kDa/Total GSTM3 ratio in sperm conditioned oocyte in vitro 

fertilisation, but not embryo development. Conclusion: In conclusion, GSTM3 is 
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proposed as a biomarker to predict the quality, DNA integrity and in vitro fertilising 

ability of mammalian sperm.  
   

1. Introduction 

The prediction of male fertility potential has become increasingly important for 

both livestock and human reproduction (1–3). Particularly in humans, where 
infertility affects between 8% and 12 % of couples worldwide, the male factor is 

involved in 50 % of cases (3). Despite this rising reproductive health concern, there 
is still a lack of biomarkers able to predict male fertility with high accuracy and 

sensitivity that enable clinicians to undertake better reproductive approaches. 

Traditionally, the prognosis of male fertility has been performed through 
conventional semen analysis, providing a general information on quantitative 

parameters such as the ejaculate volume, sperm morphology, concentration and 
motility. Although the spermiogram is a simple, fast, and cheap evaluation, it does 

not provide functional information of sperm physiology, leaving essential 
molecular aspects such as DNA integrity, sperm oxidative status and sperm-

oocyte binding proteins, aside (4,5). For this reason, the use of conventional 
semen analysis for the prognosis and diagnosis of male fertility has been under 

debate for many years (6,7). In this context, exploring new molecular biomarkers 

in sperm providing additional functional information on their physiological status 
is of great interest not only for assisted human reproduction but also for the animal 

breeding industry.  
To overcome the limitations of conventional semen analysis, further 

molecular methods are required to precisely evaluate male fertility. Genomic, 
metabolomic and proteomic biomarkers hold great promise in the diagnosis of 

male infertility (8). Specifically, previous efforts have been made towards the 

identification and characterisation of specific sperm proteins, as they are known 
to play a vital role for mammalian sperm physiology (9). In effect, comparative 

proteomic studies have identified a wide range of proteins as potential biomarkers 
of sperm quality and fertility in both humans (10,11) and farm animals (12,13). 

Hence, the levels of certain proteins in sperm may be used as a non-invasive 
diagnostic and prognostic tool, complementing conventional semen analysis. 
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Related with this, recent studies highlighted the importance of glutathione S-
transferases (GSTs) in sperm physiology. 

 Sperm GSTs are a large group of membrane-bound, multi-

functional isoenzymes involved in cellular protection against oxidative stress, 
regulation of cell signalling and fertilisation (14). To the best of our knowledge, 

however, only GST Mu 3 (GSTM3; (15,16), GST Pi 1 (GSTP1; (16,17) and GST 
Omega 1 and 2 (GSTO1 and GSTO2; (18–20) have been identified in mammalian 

sperm. Specifically, previous studies reported that sperm GSTM3 is essential for 
proper mitochondrial function, plasma membrane stability and oxidative 

regulation of mammalian sperm (21,22). Accordingly, a comparative proteomic 
study by Kwon et al. (23) revealed that, in pigs, relative GSTM3 content in sperm 

is higher in ejaculates giving birth to small than in those giving birth to large litters. 

Furthermore, sperm GSTM3 is known to be related to sperm quality (22,24–26) 
and cryotolerance (15) of mammalian sperm. All these evidences suggest that this 

enzyme could be used as a biomarker for prognosis and diagnosis of male fertility. 
To the best of the authors’ knowledge, nevertheless, the direct association 

between sperm GSTM3 content and sperm fertilising potential is yet to be 
elucidated. 

Against this background, cell biology and immunological approaches 

were performed to evaluate the relationship of sperm GSTM3 with sperm quality, 
DNA integrity and in vitro fertility, using an animal model (27), as it is of great 

interest for both assisted human reproduction and the animal breeding industry. 

 

2. Materials and Methods 

Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich 

Chemical (St Louis, MO, USA). All fluorochromes (SYBR-14, propidium iodide [PI], 

PNA-Fluorescein isothiocyanate [PNA] and Fluo-3) were purchased from Thermo 
Fisher Scientific (MA, USA).  

 
2.1. Animals and processing of samples 

Twelve pig ejaculates (biological replicates; n=12) from sexually mature Piétrain 
boars (1–3 years-old) were purchased from an authorised AI-centre (Grup Gepork 
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S.L., Masies de Roda, Spain), which operates under commercial, standard 
conditions. The authors did not manipulate any animal, and the AI-centre complied 

with the ISO certification (ISO-9001:2008) while producing the seminal doses. 

Ejaculates were diluted to 33 × 106 sperm per mL in a commercial extender 
(Androstar® Plus, Minitüb Ibérica, S.L.; Tarragona, Spain), and preserved at 17 °C 

during their transport to the laboratory within 4 h post-collection. Upon arrival, 
sperm motility, viability, acrosome membrane integrity, intracellular calcium levels 

and DNA integrity were assessed before conducting in vitro fertilisation (IVF). 
Twelve mL of each sperm sample was centrifuged twice at 3,000 g and 17 °C for 

5 min and the resulting sperm pellet was stored at -80 °C prior to performing 
immunoblotting analysis.  

Prepubertal gilt ovaries were obtained from a local abattoir (Frigoríficos 

Costa Brava, S.A., Riudellots de la Selva, Spain). Ovaries were preserved at 38 °C 
in physiological saline solution supplemented with 70 µg/mL kanamycin during 

their transport to the laboratory within 2 h post-collection. Upon arrival, cumulus-
oocyte complexes (COCs) were retrieved from follicles, washed in Dulbecco’s 

PBS (Gibco, ThermoFisher), and subjected to in vitro maturation (IVM) and IVF 

procedures, as described below. 
 

2.2. In vitro maturation (IVM), fertilisation (IVF) and embryo culture 

Groups of 40 COCs per well were in vitro matured for 22 h in a four-well multidish 

(Nunc, Roskilde, Denmark) containing 500 μL of maturation medium (TCM-199 

[Gibco] supplemented with 0.57 mM cysteine, 0.1% (w:v) PVA, 10 ng/mL EGF, 75 
µg/mL penicillin-G potassium, 50 µg/mL streptomycin sulphate, 10 IU/mL equine 

chorionic gonadotropin [eCG; Folligon; Intervet International B.V.; Boxmeer, The 
Netherlands] and 10 IU/mL human chorionic gonadotropin [hCG; Veterin Corion; 

Divasa Farmavic S.A.; Gurb, Barcelona, Spain]). Further, COCs were incubated for 
20-22 h in hormone-free maturation medium. Maturation was performed at 38.5 

°C in 5% CO2 in air and 95% relative humidity. 

 In vitro matured oocytes were decumulated with 0.05% hyaluronidase in 

Dulbecco’s PBS (Gibco, ThermoFisher) by mechanical pipetting. Then, groups of 

20 oocytes were placed into 50-μL drops of fertilisation medium (modified from 
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[26]) supplemented with 1 mM caffeine and incubated at the same conditions. 

Next, 8 × 105 sperm were resuspended in 1 mL of fertilisation medium, and 50 μ

L of the resulting suspension was added to each group of 20 oocytes. Finally, 
oocytes and sperm were co-incubated for 5 h at the same incubation conditions. 

Presumptive zygotes were washed in embryo culture medium and transferred into 

a four-well dish, each well containing 500 μL of glucose-free embryo culture 

medium (NCSU23 medium (29), supplemented with 0.4% BSA, 0.3 mM sodium 
pyruvate and 4.5 mM sodium lactate). Sperm fertilising ability was calculated as 

the percentage of cleaved embryos at day 2 (IVF rates) and day 6 (embryo 
development) post-fertilisation. 

 
2.3. Sperm morphology assessment 

Sperm samples were diluted in 0.9 % (w:v) NaCl and 0.03 % formaldehyde. Sperm 

were subsequently evaluated at 200× magnification under a phase contrast 
microscope coupled with a SCA® Production software (Sperm Class Analyser 

Production, 2010; Microptic S.L., Barcelona, Spain). Two-hundred sperm were 
evaluated for each sample and classified into the following categories: abnormal 

head size and shape, acrosome abnormalities, folded and coiled tails, proximal 
and distal droplets, and isolated heads. The percentage of morphologically normal 

sperm was used to assess sperm morphology. Two technical replicates were 

counted. 
 

2.4. Sperm motility analysis 
Sperm motility was assessed using a computer-assisted sperm analysis (CASA) 

system. Sperm samples were incubated at 38 °C for 10 min and then loaded into 
pre-warmed 20-µm Leja chamber slides (Leja Products BV; Nieuw-Vennep, The 

Netherlands). Motility parameters were acquired using a negative phase-contrast 
field (Olympus BX41 with 10× 0.30 PLAN objective; Olympus, Tokyo, Japan) 

coupled to the ISAS software (Integrated Sperm Analysis System V1.0; Proiser SL, 

Valencia, Spain). Two technical replicates with at least 500 sperm per replicate 

were analysed. An average path velocity (VAP) higher than 10 μm/s was set as a 

cut-off for considering a sperm cell as motile, whereas an index of straightness 
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(STR) higher than 45 % was established to classify a sperm cell as progressively 
motile. The percentages of total and progressively motile sperm were used to 

evaluate sperm motility. 

 
2.5. Flow cytometry assessment 

Sperm viability, acrosome integrity and intracellular Ca2+ levels were determined 
by flow cytometry. Samples were diluted in pre-warmed PBS to a final 

concentration of 2 × 106 sperm per mL before staining with the corresponding 
protocol. Flow cytometric analysis was conducted using a CytoFLEX cytometer 

(Beckman Coulter; Fullerton, CA, USA). Laser voltage and flow rate were constant 
along the experiment. Forward scatter (FSC) and side scatter (SSC) were used to 

gate the sperm population. Each sample was evaluated on the basis of 10,000 

sperm events. Fluorescence from SYBR-14, PNA-FITC and Fluo-3 was detected 
by the FITC channel (525/40), whereas PI fluorescence was collected through the 

PC5.5 channel (690/50).  
 Sperm viability was analysed with the LIVE/DEAD sperm viability kit 

(Molecular Probes, Eugene, OR, USA). Samples were stained with SYBR-14 (final 
concentration: 32 nM) and PI (final concentration: 7.5 µM) at 38 °C in the dark for 

15 min and subsequently analysed by flow cytometry. The percentage of viable 

sperm (SYBR-14+/PI-) was used to assess sperm viability. To determine acrosome 
membrane integrity, sperm samples were simultaneously incubated with PNA-

FITC (final concentration: 1.2 µM) and PI (final concentration: 7.5 µM) at 38 °C in 
the dark for 15 min prior to analysis with the flow cytometer. The percentage of 

viable sperm with an intact acrosome (PNA-/PI-) was used as a measure of 
acrosome integrity. Sperm intracellular calcium was evaluated by incubating 

sperm samples with Fluo-3 (final concentration: 1.2 µM) and PI (final 
concentration: 7.5 µM) at 38 °C in the dark for 15 min, and subsequently analysed 

by flow cytometry. The percentage of viable sperm showing intracellular calcium 

(Fluo3+/PI-) was used to determine intracellular calcium levels. The percentage of 
particles within the double negative quadrant of every parameter described above 

was corrected using the debris particles found in the SYBR-14-/PI- population, and 
the percentages of the other populations were recalculated (30). 
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2.6. Neutral and alkaline Comet assays 

Neutral and alkaline Comet assays were performed to determine double- and 

single-strand DNA breaks, respectively. The Comet protocol for pig sperm was 
performed as described in Ribas-Maynou et al. (31). In short, sperm were diluted 

and mixed with low melting point agarose prior to be poured onto two agarose 
pre-treated slides (neutral and alkaline Comet) covered with a round coverslip. 

Following this, agarose jellified and coverslips were subsequently removed. All 
slides were sequentially incubated in lysis solutions. Thereafter, for neutral Comet, 

slides were electrophoresed in TBE buffer at 1 V/cm for 4 min and washed in 0.9% 
NaCl for 2 min. For alkaline Comet, slides were denatured in alkaline solution for 

5 min, and electrophoresed in an alkaline buffer at 1 V/cm for 4 min. Then, all slides 

were incubated in neutralisation solution for 5 min, in 70%, 90% and 100% 
ethanol series for 2 min each, and dried in horizontal position. The composition of 

solutions and buffers were that described in Ribas-Maynou et al. (31). Finally, 
samples were stained with Safeview DNA (NBS biological, Huntingdon, UK). 

Imaging was conducted under an epifluorescence microscope (Zeiss Imager Z1, 
Carl Zeiss AG, Oberkochen, Germany). A minimum of 100 cells per sample were 

captured at 100 × magnification with constant exposure time. Images were 

analyzed using the CometScore v2.0 software (Rexhoover, www.rexhoover.com) 
open-access software, and subsequently reviewed manually. Finally, the olive tail 

moment (OTM) of every sample was calculated as follows: (Tail mean intensity – 
Head mean intensity) × Tail DNA/100. DNA integrity was reported as the OTM of 

ssDNA (alkaline) and dsDNA (neutral) breaks. 
 

2.7. Immunoblotting analysis 
Sperm pellet was resuspended in lysis buffer (xTractorTM buffer, Takara Bio, 

Kusatsu, Japan) following the manufacturer’s instructions. In brief, samples were 

centrifuged at 10,000 g and 4 °C for 20 min. The total protein content in the 
supernatant was quantified through a detergent-compatible (DC) method (Bio-

Rad, Hercules, CA, US), and samples were stored at -80 °C until immunoblotting 
analysis. Fifteen micrograms of total protein was diluted 1:1 (v:v) in Laemmli 
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reducing buffer 4× (Bio-Rad) and heated at 95 °C for 5 min prior to being loaded 
onto a 8-16% gradient polyacrylamide gel (Mini-PROTEAN TGX Stain-FreeTM 

Precast Gels, Bio-Rad). Electrophoresis was run at 120 V for 1.5 h, and proteins 

from the gel were subsequently transferred onto polyvinylidene difluoride (PVDF) 
low fluorescence membranes using the Trans-Blot TurboTM system (Bio-Rad). 

Total protein in membranes was determined using a trihalo compound present in 
the gels, which allows fluorescent detection of tryptophan residues, and a G:BOX 

Chemi XL system (Syngene, Frederick, MD, United States). Membranes were 
subsequently blocked with 5% BSA at room temperature for 1 h, and then 

incubated with an anti-GSTM3 primary antibody (1:6,000; v:v) at 4 °C overnight. 
Further, membranes were rinsed thrice and incubated with a secondary antibody 

(1:12,000; v:v) at room temperature for 1 h. Next, membranes were rinsed five 

times and bands were visualised. Membranes were subsequently incubated with 
a chemiluminescent substrate (ImmobilonTM Western Detection Reagents, 

Millipore, United States) following the manufacturer’s instructions, and scanned 
with G:BOX Chemi XL 1.4 (Syngene, India). Three technical replicates per sample 

were evaluated. Total protein and sperm GSTM3-bands levels were quantified 
using Image Studio™ Lite v.3.1 (Licor). Sperm GSTM3 levels were normalised 

against their respective total protein content. To confirm the specificity of the anti-

GSTM3 primary antibody, a peptide competition assay utilising 10-fold of the 
GSTM3 immunising peptide was performed. 

 
 

2.8. Statistical analysis 
Results were analysed with IBM SPSS Statistics 25.0 (IBM Corp., Armonk, NY, 

USA) and plotted with GraphPad Prism v.8 (GraphPad Software, La Jolla, CA, 
USA). Data were tested for normality (Shapiro-Wilk’s test) and homogeneity of 

variances (Levene’s test). High and low GSTM3 groups were established using the 

median value of the 26 kDa/Total GSTM3 ratio levels. Significant differences 
between GSTM3 groups were tested through a t-test for independent measures. 

Correlations between GSTM3 levels and sperm quality and in vitro fertility 
parameters were determined through Pearson correlation coefficient. Each 
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biological replicate was considered as a statistical case (n = 12), and the level of 

significance was set at P ≤ 0.05. 

 

3. Results  

3.1. GSTM3 is present in pig sperm with a double-band pattern 
Immunoblotting analysis of sperm GSTM3 (Figure 1) showed a triple-band pattern 

of ~26, ~28, and ~48 kDa. The peptide competition assay utilising the GSTM3 
immunising peptide, however, indicated that the ~48 kDa band was unspecific. 

Considering that both ~26 and ~28 GSTM3 kDa-bands were found to be specific 
for GSTM3 in sperm samples, the signal intensity of both was quantified. Sperm 

GSTM3 content was therefore determined as the relative intensity of each band 

(26 kDa-band and 28 kDa-band), the sum of the two bands (Total GSTM3), and 
the ratio between the 26 kDa band and the sum of the two bands (26 kDa/Total 

GSTM3). 
 

 

 
Figure 1. Representative blots resulting from the incubations with the Glutathione S-transferase Mu 3 

(GSTM3) antibody (Anti-GSTM3) and the GSTM3 blocking peptide (Anti-GSTM3 + BP), and their 

corresponding loading controls (Total protein). Lanes: MW, molecular weight (kDa); Numbers 1 to 4 

correspond to independent pig sperm samples. 

 

 
3.2. Sperm 26 kDa/Total GSTM3, rather than individual 26 kDa and 28 kDa GSTM3 

bands, are related to sperm quality 
Pearson correlations between relative content of GSTM3 and sperm quality 

parameters are shown in Figure 2. Although the 26 kDa-band and Total GSTM3 
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did not show significant correlations with sperm quality variables (P > 0.05), the 

28 kDa-band was positively correlated with the percentages of progressively 
motile sperm and viable sperm with an intact acrosome (P < 0.05). Interestingly, 

despite not significant, the 26 kDa and 28 kDa GSTM3 bands showed an inverse 

correlation pattern regarding sperm quality parameters. What is more, a very 
strong correlation was observed between sperm quality and 26 kDa/Total GSTM3 

and 28 kDa/Total GSTM3 ratios; specifically, significant correlations with the 
percentages of total and progressively motile sperm, viable sperm, viable sperm 

with an intact acrosome and viable sperm with high intracellular Ca2+ levels were 

found (P < 0.05).  
 

 
Figure 2. Heat map of Pearson correlation coefficients of Glutathione S-transferase Mu 3 (GSTM3) 

(~26 kDa band, ~28 kDa band, Total GSTM3 and the 26 and 28 kDa/Total GSTM3) ratio with sperm 

quality parameters (n = 12). Coefficients (R) of significant correlations (P < 0.05) are displayed within 

the heatmap. 

 

3.3. Oxidative DNA damage is highly associated with sperm GSTM3 

Considering the antioxidant nature of GSTM3 and the significant association of 
the 26 kDa/Total GSTM3 ratio with sperm quality, whether that ratio was 

correlated with sperm DNA damage was interrogated. As shown in Figure 3, the 
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26 kDa/Total GSTM3 ratio was negatively correlated with the incidence of ssDNA 
breaks (R = -0,86; P < 0.01), but not with that of the dsDNA ones (R = -0.09; P > 

0.05). When comparing the olive tail moment (OTM) of alkaline and neutral Comet 

between samples showing high and low levels of the 26 kDa/Total GSTM3 ratio, 
the incidence of ssDNA breaks, but not that of the dsDNA ones, was significantly 

higher (P < 0.05) in the group showing low 26 kDa/Total GSTM3 ratios. 

 

 
Figure 3. (A) Correlation dot plot between the ~26 kDa/Total GSTM3 ratio and (i) the olive tail moment 

(OTM) of single-strand DNA breaks (ssDNA breaks), and (ii) the OTM of double-strand DNA breaks 

(dsDNA breaks). Pearson correlation coefficients and P-values are represented in the plot. Box plots 

representing the distribution of the OTM of (B) ssDNA breaks and (C) dsDNA breaks between sperm 

samples exhibiting high and low levels of the 26 kDa/Total GSTM3 ratio (n = 12). *** P < 0.001. 
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3.4. GSTM3 is positively associated to higher sperm fertilising ability but not 
embryo development 

The relationship of the 26 kDa/Total GSTM3 ratio with in vitro fertilisation and 

embryo development was also investigated (Figure 4). Remarkably, the 26 
kDa/Total GSTM3 ratio was significantly and positively correlated with in vitro 

fertilisation rates (R = 0.73; P < 0.05), but not with embryo development (P > 0.05). 

Remarkably, while lower in vitro fertilisation rates were found in the group 

classified as having a low 26 kDa/Total GSTM3 ratio (P < 0.05), no significant 

differences in terms of embryo development were found between groups (P > 
0.05). 

 

 
Figure 4. Correlation dot plot between the ~26 kDa/Total GSTM3 ratio and (A) the percentage of 

zygotes at day 2 post-fertilisation (Zygotes at Day 2), and (B) the percentage of embryos at day 6 post-

fertilisation (Embryos at Day 6). Pearson correlation coefficients and P-values are represented in the 

plot. Box plots representing the distribution of (C) zygotes at day 2 and (D) embryos at day 6 between 

sperm samples exhibiting high and low levels of the 26 kDa/Total GSTM3 ratio (n = 12). * P < 0.05. 
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4. Discussion 

The limitations of conventional semen analysis in predicting male fertility have led 
researchers to explore new molecular biomarkers with the aim to get a broader 

picture of the sperm physiological status (7,32,33). Recently, great efforts have 
been made towards the identification and characterisation of sperm proteins, as 

some are known to play a crucial role for sperm physiology in both humans and 

farm animals (9). In this regard, altered protein expression in sperm may be used 
as a non-invasive diagnostic and prognostic tool, extending the information 

provided by the conventional semen analysis. The GSTs, and notably GSTM3, 
have been reported to be essential for proper mitochondrial function, plasma 

membrane stability and oxidative regulation of mammalian sperm (21,22). 
Moreover, although GSTM3 has been related to sperm quality (22,24,26,34) and 

cryotolerance (15), its association with DNA integrity and in vitro fertilisation has 

not yet been explored. This work, therefore, sought to determine whether this 
protein could also predict DNA integrity and fertilising ability of mammalian sperm. 

 While no transcript variants are known for GSTM3 (14), it has been 
reported to undergo post-translational modifications (PTM) (35). Accordingly, the 

immunoblotting analysis presented herein evidenced a GSTM3-specific double 
band pattern of ~26 and ~28 kDa. Indeed, the observed alteration in the GSTM3 

molecular weight observed in this study is consistent with the expected shift 
caused by glycosylation. Actually, a previous study specifically identified a O-

linked β-N-acetylglucosamine (O-GlcNAc) in GSTM3 (36). While O-GlcNAc has 

been associated with pathological conditions, such as type II diabetes and 

Alzheimer’s disease (37,38), the specific function in cells is largely undefined. 
Moreover, glycosylation has been reported as an essential PTM for male fertility 

(39). Further research to uncover the molecular mechanism underlying the effect 

of PTMs, and specifically glycosylation, of GSTM3 in this cell type is thus 
warranted. On the other hand, and because of all the aforementioned, the 

association of sperm quality parameters with the unmodified GSTM3 (26 kDa 
GSTM3), the potentially post-translationally modified GSTM3 (28 kDa GSTM3), the 

total GSTM3 and the 26 and 28 kDa/Total GSTM3 ratios was explored. 
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The heat-mapped visualisation of the correlation coefficients between 
sperm GSTM3 parameters and quality variables displayed an interesting pattern: 

while the 26 kDa GSTM3 and the 26 kDa/Total GSTM3 ratio were positively 

correlated with sperm quality, the 28 kDa GSTM3, Total GSMT3 and the 28 
kDa/Total GSTM3 ratio exhibited a negative correlation. In relation to these results, 

it is worth mentioning that previous research reported a negative association 
between the 28 kDa-GSTM3 and sperm quality of pig sperm (22), which is 

consistent with the results found herein.  
When comparing GSTM3 levels with sperm physiological parameters, a 

lack of relationship was observed with the relative levels of 26 kDa, 28 kDa and 
the sum of the two band (total GSTM3). Interestingly, however, a very strong and 

positive association was found between the 26 kDa/Total GSTM3 ratio and total 

and progressive motility, viability, acrosome integrity and intracellular Ca2+ levels. 
The positive association of the 26 kDa/Total GSTM3 ratio with acrosome integrity 

suggests the involvement of this antioxidant enzyme in the maintenance of the 
acrosomal membrane. In agreement with the results found in this work, previous 

investigations in goat sperm reported the importance of sperm GSTM3 for the 
preservation of acrosome and plasma membrane intactness, as GSTs are known 

to be mainly located in sperm plasmalemma and the lack of GST activity leads to 

membrane damage (21,40). Similarly, the present work found lower 26 kDa/Total 
GSTM3 ratios in ejaculates having greater percentages of viable sperm with high 

intracellular Ca2+ levels. In this context, it is worth highlighting that a role of GSTs 
in sperm Ca2+ homeostasis was previously purported, since it was found to be 

dysregulated in GSTs-inhibited pig sperm (22). Taken together, these results 
indicate that the proportion between 26 and 28 kDa GSTM3, rather than the 

absolute GSTM3 content in sperm, is involved in the maintenance of sperm 
homeostasis. One could thus surmise that an increased proportion of PTM-

GSTM3 would be a useful indicative of a reduced sperm quality. 

 Considering the relevance of PTMs in GSTM3 upon sperm quality, 
interrogating on its association with sperm DNA integrity is of much interest. The 

Comet assay is a widely used test for the assessment of sperm DNA integrity. 
Among its benefits, the Comet assay allows the differentiation between ssDNA 
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and dsDNA breaks (41,42). The data reported in the present study evidenced a 
clear negative association between the 26 kDa/Total GSTM3 ratio and ssSDF, but 

not dsSDF, breaks. ssDNA breaks are known to be generated by oxidative 

damage, mainly because of the presence of endogenous and/or exogenous 
reactive oxygen species (43–45). Thus, the absence of PTMs in GSTM3 could be 

associated to decreased oxidative DNA damage. The association of GSTM3 with 
sperm DNA integrity evidences the involvement of this antioxidant enzyme in the 

maintenance of redox balance, which would prevent oxidative DNA damage. In 
this regard, it is worth mentioning that GSTM3 has been reported to be involved 

in sperm detoxification of electrophilic compounds (14), prevention of lipid 
peroxidation (21), and maintenance of mitochondrial function, and oxidative 

homeostasis in sperm (22). 

 Finally, the relationship between PTMs of GSTM3 and in vitro fertility was 
also explored in the present study. A previous comparative proteomics study 

performed by Kwon et al. (23) identified GSTM3 as an in vivo fertility marker in 

pigs. In the present study, the 26 kDa/Total GSTM3 ratio was significantly 
correlated with in vitro fertilisation rates, but not embryo development. While these 

results point to an essential role of GSTM3 in in vitro sperm fertilising capacity, 

they do not support an involvement of this sperm protein in embryo development. 

Specifically, increased 26 kDa/Total GSTM3 ratios were found in samples with 
higher in vitro fertilisation rates, thus suggesting a negative effect of post-

translational modifications of GSTM3. Related to this, previous studies in human 

sperm evidenced the binding capacity of sperm GSTM3 to zona pellucida (ZP) 
(46). In fact, GSTM3 has been proposed as an important molecule during the first 

steps of gamete recognition to allow fertilisation to occur (14). The present study 
suggests the importance of PTMs for the binding ability of sperm GSTM3 to ZP 

and the subsequent fertilising ability, although further studies are required to 

confirm this hypothesis. 
In conclusion, the physiological role of sperm GSTM3 and the effects of 

its potential PTM were investigated in the present study. A strong association 
between the 26 kDa/Total GSTM3 ratio and sperm quality, DNA integrity and in 

vitro fertilisation was observed. The absence of PTMs in GSTM3, rather than the 
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total GSTM3 content, was found to be associated with better sperm quality, higher 
DNA integrity and increased ability to fertilise the oocyte, suggesting the relevance 

of PTMs in GSTM3 for the regulation of sperm physiology and fertilising ability. 

Accordingly, although further research is required to determine the specific PTMs 
present in sperm GSTM3, this study highlights its relevance in the maintenance of 

sperm homeostasis, DNA integrity, and subsequent fertilisation ability. 
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DISCUSSION 
 
Male infertility accounts for half of unsuccessful pregnancies worldwide, with 20-

30% of infertility cases purported to be caused by the male factor (Agarwal et al., 

2015a). Exploring the aetiology and making an accurate diagnosis of male 
infertility is, therefore, much warranted in both humans and other animals. Despite 

the routine evaluation of semen with the seminogram, the multicausal nature of 
this condition limits its ability to predict reduced sperm fertility (Oehninger and 

Ombelet, 2019). For this reason, searching new molecular markers with high 
sensitivity and specificity to assess sperm quality and function, and predict 

fertilising ability is of great interest for both fertility clinics and the animal breeding 

industry. Moreover, while ROS at physiological levels are acknowledged to be 
essential for sperm function, excessive generation of these chemical species 

and/or insufficient antioxidant activity may head to disrupted redox homeostasis 
and have a detrimental effect upon sperm function (Thompson et al., 2013). In 

this scenario, and because of the reduced capacity of sperm to scavenge ROS, 
antioxidant enzymes are likely to play a major role. Glutathione S-transferases are 

among the ubiquitous antioxidant isoenzymes intended to protect mammalian 
cells from OS (Hayes et al., 2005). Specifically, GSTMs and GSTPs are suggested 

to be potentially critical for sperm physiology and male fertility (Gopalakrishnan 

and Shaha, 1998; Hemachand and Shaha, 2003; Kwon et al., 2015). In spite of 
their promising role in male reproduction, nevertheless, GSTs in sperm and SP 

are understudied in mammals. Accordingly, the present Dissertation aimed (1) to 
determine the presence of GSTs in male reproductive tissues, seminal plasma 

and sperm; (2) to uncover the role of this group of antioxidant enzymes in sperm 
physiology; and (3) to assess their putative use as molecular markers for 

mammalian sperm. 

 

Characterisation of GSTs in reproductive tissues, seminal plasma and sperm 

Despite data reported in the literature suggesting that GSTMs and GSTPs are 

associated to (in)fertility in mammals, the presence and localisation patterns of 

these antioxidant enzymes in reproductive tissues, SP and sperm has been 
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poorly studied in both humans and farm animals. For this reason, the present 
Doctoral Thesis addressed the presence of GSTM3 in reproductive tissues, SP 

and sperm of three mammalian species: pigs (paper I, II and III), cattle (paper IV) 

and humans (paper VI). Worthy of notice is that because of (i) the economic 

relevance of the swine industry in Spain and worldwide (FAO, 2022); (ii) the 
logistical ease as a consequence of the availability of pig semen; and (iii) the 

suitability of the porcine as a model for the study of sperm physiology and male 
(in)fertility (Zigo et al., 2020), the pig was selected as the main species to 

determine the presence of GSTM3 in male reproductive tissues, SP and sperm. 
In the first approach to the subject, the contribution of the testis, 

epididymis, and accessory glands to the content of GSTM3 in sperm and SP was 

examined in porcine by immunoblotting. GSTM3 was found to be present as a 
double-band pattern of ~25 and ~75 kDa in the testis and caput epididymis, and 

a single band of ~75 kDa in the corpus and cauda epididymis, the prostate and 
seminal vesicles. In contrast, GSTM3 was absent from bulbourethral glands. 

Previous studies in pigs reported a single band of ~25 kDa in sperm samples 
(Kwon et al., 2015), which would correspond to its molecular mass and would 

agree with immunoblotting results of the testis reported herein. Related with this, 
it is worth mentioning that the testis is known to be the tissue with the highest 

levels of GSTM3 (Listowsky et al., 1998). Also matching with the results of this 

Dissertation, a study in humans established that GSTM3 is present at high 
concentrations in the corpus and cauda epididymis (Li et al., 2010). This could be 

linked to the incorporation and/or attachment of GSTMs to sperm during 
epididymal maturation (Suryawanshi et al., 2011), and would support a function 

for these proteins during the passage of sperm through the epididymis. In fact, 
sperm-attached GSTs have been reported to protect cells from OS during their 

storage within the epididymis (Dacheux et al., 2009). Regarding the prostate and 

seminal vesicles, no study previously investigated the presence of GSTM3 in 
these tissues. Because this Doctoral Thesis demonstrated, for the first time, that 

the prostate and seminal vesicles also express GSTM3, it is reasonable to 
hypothesise that this enzyme could contribute to the total antioxidant capacity of 

SP in pigs. In view of the above, accessory glands, except the bulbourethral ones, 
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and, particularly, testes and epididymes are likely to contribute to the GSTM3 
present in sperm and SP. Based on the results of the present study, an 

inadequate synthesis of GSTM3 in the testis or the epididymis could lead to an 

inadequate spermatogenesis and/or epididymal maturation of sperm, which 
could be detected in the SP. 

A wide range of antioxidant enzymes in SP has previously been identified 
in mammals (Kantola et al., 1988; Jeulin et al., 1989; Peeker, 1997; Raijmakers et 

al., 2003; Gong et al., 2012). Yet, and despite the importance of GSTs in 
maintaining cellular homeostasis (Armstrong et al., 2017), no information 

regarding their presence and abundance in SP has been reported in the literature. 

In paper II, the presence and abundance of GSTM3 in porcine SP was examined, 

its concentration ranging from 38.26 to 81.82 ng/mL (mean ± SEM: 61.62 ± 2.18 
ng/mL). The concentration of GSTM3 in pig SP would, therefore, be higher than 

that of other antioxidant enzymes, such as glutathione peroxidase 5 (GPx5; 9.63-
30.13 ng/mL; Barranco et al., 2016) and paraoxonase 1 (PON1; 0.96-1.67 ng/mL; 

I. Barranco et al., 2015). Moreover, and because of the previously revealed 

differences of semen quality between pig breeds (Smital et al., 2004), the 
concentration of GSTM3 in SP was compared between Duroc, Landrace and 

Pietrain breeds. No differences in terms of GSTM3 concentration in SP were 
found between breeds, which would suggest that this is a conserved feature 

within porcine species. In this regard, nonetheless, a previous study in pig sperm 
suggested that male-to-male variations could hinder breed differences 

(Waterhouse et al., 2006). All these findings support, in short, the relevance of 

GSTM3 in porcine SP, which is likely to confer a major antioxidant function to this 
fluid and ultimately protect sperm cells from oxidative damage. 

 Considering the nearly ubiquitous presence of GSTM3 in porcine 
reproductive tissues and SP, addressing its presence and localisation in sperm 

was also advised to be of great interest. GSTM3 was identified in pig sperm as a 
double-band pattern of ~25 kDa and ~28 kDa, which is in accordance with its 

predicted molecular mass in this species (Bateman et al., 2017). Regarding its 
localisation, GSTM3 was found along the entire length of the tail and the 

equatorial subdomain of the head in pig sperm. Interestingly, in other species, 
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previous investigations reported that GSTM3 is present in the apical region of the 
acrosome in goats (Gopalakrishnan et al., 1998; Hemachand et al., 2002) and 

over the sperm tail in buffaloes (Kumar et al., 2014). This species-specific 

localisation of GSTM3 suggests an adaptive response to the physiological 
requirements of each species. As a matter of fact, the subjection of sperm to 

preservation methods was seen to lead to the relocalisation of this antioxidant 
enzyme, pointing out to a potential adaptation of the cell during liquid-storage or 

cryopreservation. Remarkably, the localisation pattern of GSTs during liquid 
preservation of semen was established for the first time in the present 

Dissertation. Sperm GSTM3 was initially localised in the tail and the equatorial 
subdomain of the head. After 72 h of liquid-storage, however, it was found to 

partially disappear from the midpiece. Specifically, the loss of GSTM3 from the 

midpiece, rather than its relocalisation, appeared to occur during liquid storage, 
as immunoblotting analysis evidenced a decline in its abundance after 

preservation at 15º-20ºC for 72 h. Interestingly, alterations in the localisation 
pattern of this antioxidant enzyme were also observed to happen during 

cryopreservation of pig sperm. In effect, after freeze-thawing, sperm GSTM3 was 
present in the midpiece area only, being absent from the rest of the tail and the 

equatorial subdomain of the head. Yet, and in contrast to what observed during 

liquid preservation, similar amounts of this antioxidant enzyme were found before 
freezing and after thawing. Thus, a relocalisation rather than a loss of the protein 

was seen to take place in response to cryopreservation. These findings are in 
agreement with those previously reported in buffalos, where a similar 

relocalisation of GSTM3 during cryopreservation, with a migration of the enzyme 
from the entire sperm tail to the midpiece, occurs (Kumar et al., 2014). It is known 

that both liquid preservation (Waberski et al., 2011; Falchi et al., 2018) and 
cryopreservation (Yeste, 2016) may trigger the overproduction of ROS, thus 

unbalancing the redox homeostasis of sperm cells. This, together with the results 

reported herein and in line with that aforementioned, suggests that an adaptive 
response of sperm (i.e., relocalisation of GSTM3) to the different antioxidant 

requirements of the cell occurs during both liquid-storage and cryopreservation. 
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In papers IV and VI, the presence and localisation of GSTM3 in sperm 

were investigated in cattle and humans, respectively. Contrarily to pigs, where 

most AIs are carried out employing liquid-stored semen (Waberski et al., 2019), 
ART (AI/IUI, IVF and ICSI) in cattle (Ugur et al., 2019) and humans (di Santo et al., 

2012) preferentially use cryopreserved sperm. For this reason, the identification 
of GSTM3 in the sperm of these two species was conducted in frozen-thawed 

cells. A single GSTM3-specific band of ~48 kDa was observed in cattle sperm, 

whereas a double band-pattern of ~48 kDa and ~75 kDa was identified in human 
sperm. These results differed from those found in pig sperm, which exhibited a 

double band-pattern of ~25 kDa and ~28 kDa. Furthermore, these findings also 
differed from those seen in immunoblots of pig reproductive tissues, which 

showed bands of ~25 kDa and ~75 kDa. Interestingly, a GSTM3 pattern of ~25 
kDa, ~28 kDa, ~48 kDa and ~75 kDa bands was observed in the individual 

species in both reproductive tissues and sperm. According to UniProt (Bateman 
et al., 2017), the molecular mass of GSTM3 in porcine, bovine and human species 

is 26.93 kDa, 28.44 kDa and 26.56 kDa, respectively. The slight shift of the protein 

bands responsible for the double-band pattern of GSTM3 in pig sperm (~25 kDa 
and ~28 kDa) could be caused by post-translational modifications, such as 

glycosylation (Gurcel et al., 2008). Yet, the considerable difference between the 
expected and reported molecular mass of GSTM3 in reproductive tissues, and in 

bovine and human sperm (~25, ~48, and ~75 kDa), could more likely be a result 
of protein interactions. While GSTM3 is known to be ~ 26 kDa in its monomeric 

form, it has been described to be active and stable as a homo- or hetero-dimer 

(Mannervik and Jensson, 1982; Mannervik et al., 1988; di Pietro et al., 2010), 
which would explain the presence of the ~48 kDa band in the blots. The 

unexpected increase in the molecular mass of GSTM3 could, nevertheless, be a 
consequence of covalent interactions with other proteins. Although the presence 

of this antioxidant enzyme in pig, cattle and human sperm was confirmed in the 
present Dissertation, whether post-translational modifications, covalent protein-

protein interactions and/or homodimerisation of GSTM3 take place in mammalian 
sperm remains unknown. Consequently, specific experiments confirming the 

occurrence of covalent protein-protein interactions and post-translational 
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modifications in the GSTM3 of sperm and reproductive tissues should be 
performed to gain further insights into the relevance of this protein for male 

fertility. 

In spite of the fact that GSTM3 in sperm showed a different band pattern 
between mammalian species in the immunoblotting assay, immunofluorescence 

analysis revealed a similar localisation in cattle and humans, but not in pigs. In 
effect, while GSTM3 resided in the midpiece of frozen-thawed pig sperm, this 

enzyme was found in the tail and equatorial subdomain of the head in their cattle 
and human counterparts. This localisation pattern in cattle and human sperm 

resembled to that of fresh pig sperm. Again, these findings support an adaptive 
response of pig sperm to freeze-thawing procedures involving, among other 

changes, the relocalisation of GSTM3. Because, in this Dissertation, fresh and 

cryopreserved sperm were only compared in the case of pigs, specific 
experiments addressing the changes of localisation of GSTM3 during sperm 

cryopreservation in other mammalian species, such as bovine and human, are 
warranted. 

Finally, and in addition to GSTM3, another GST class was characterised 
in pig sperm. Immunoblotting analysis confirmed that GSTP1 is present in pig 

sperm as a single ~48 kDa-band. Although the molecular mass of GSTP1 is ~25 

kDa, similar to GSTM3, the presence of homo- and hetero-dimers or covalent 
protein-protein interactions could again account for the ~48 kDa-band observed 

in immunoblots (Okamura et al., 2015). Furthermore, while proteomic studies 
already identified GSTP1 in human (Wang et al., 2013), murine (Vicens et al., 

2017), porcine (Pérez-Patino et al., 2019) and bovine (Peddinti et al., 2008) sperm, 
its particular localisation was determined for the first time in the present 

Dissertation. Immunofluorescence analysis found GSTP1 to reside in the 
posterior region of the head and the entire tail of fresh sperm. This localisation 

pattern of GSTP1 was similar to that found for other GSTs family members, such 

as GSTM3 in pig and buffalo (Kumar et al., 2014) sperm, which is present in the 
entire sperm tail. Interestingly, liquid-storage for 72 h was responsible for the 

alteration of GSTP1 localisation. After 72 h of liquid storage, sperm GSTP1 was 
observed to relocate to the equatorial subdomain of the head and the principal 
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and end pieces of the tail, being absent from the midpiece. A similar modification 
was observed in GSTM3, suggesting that the adaptive response of sperm to 

liquid-storage involves both GSTM3 and GSTP1. 

To sum up, GSTs were characterised, in the present Doctoral Thesis, in 
three mammalian species. In porcine, the presence of GSTM3 was confirmed in 

reproductive tissues (testis, epididymis and accessory glands, except 
bulbourethral glands), SP and sperm. In pig sperm, GSTM3 was identified as a 

double band-pattern of ~25 kDa and ~28 kDa, likely caused by post-translational 
modifications in the latter case. Regarding its localisation pattern, GSTM3 was 

found along the entire length of the tail and the equatorial subdomain of the head. 
Relocalisation events or protein loss, notwithstanding, took place during sperm 

preservation. Specifically, not only was GSTM3 lost from the midpiece after 72 h 

of liquid storage, but the protein was confined to the midpiece after 
cryopreservation. Similarly, GSTP1 was identified in pig sperm as a single ~48 

kDa-band, and relocalisation from the posterior region of the head and the entire 
tail to the equatorial subdomain of the head and the principal and end pieces of 

the tail occurred during liquid preservation. These findings suggest that GSTs 
differentially adapt to the specific requirements of the cell during preservation. On 

the other hand, GSTM3 appeared as a single ~48 kDa-band and two bands of 

~48 and ~75 kDa in cattle and human sperm, respectively. Interestingly, this 
antioxidant enzyme was found to distribute along the tail and the equatorial 

subdomain of the head in both species. These results point out to an evolutionary 
conserved, adaptive response of sperm, entailing changes in GSTs in a species-

specific manner. Specifically, sperm would modify their physiological status 
relocalising GSTs, and potentially inducing post-translational modifications 

and/or establishing interactions of GSTs with other proteins.  
 

GSTs are involved in the detoxification of sperm and the regulation of 

cellular stress signalling 

Mounting evidence suggests that GSTs play an essential role in the physiology of 
goat, buffalo, and pig sperm (Hemachand et al., 2002; Hemachand and Shaha, 

2003; Safarinejad et al., 2010; Kumar et al., 2014; Kwon et al., 2015). In spite of 
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this, and although liquid preservation-induced OS is known to exert detrimental 
effects on pig sperm quality (Waberski et al., 2011; Falchi et al., 2018), whether 

GSTs could protect semen during storage was not investigated previously in this 

species. In this regard, it is worth addressing if and how GSTs perform this 
protective role during liquid-storage of pig semen, as this could help improve 

semen preservation. For this reason, the present Dissertation evaluated the 

antioxidant function of sperm GSTs (paper I) and the regulation of cellular stress-

signalling by GSTP1 (paper V) during liquid preservation of pig semen. 

 
Physiological role of GSTs in sperm detoxification 

The antioxidant role of GSTs in sperm was evaluated using a specific inhibitor. 

Ethacrynic acid (EA) is an extensively used inhibitor of GSTs enzymatic activity 
that strongly blocks the GSH-binding site (Ploement et al., 1993; Mathew et al., 

2006); this results in the hindrance of the antioxidant function of GSTs. The 
inhibition of GSTs in pig extended semen stored for 72 h resulted in a reduction 

of their quality and functionality parameters. The most evident effect of GSTs 
inhibition was the complete loss of total and progressive motility, as well as a 

significant reduction in VAP within the first 24 hours of storage. This impairment 
of motility would align with previous studies conducted in goats, where sperm 

motility was found to decrease as a result of GSTs inhibition (Gopalakrishnan and 

Shaha, 1998). Furthermore, the localisation of GSTM3 along the principal piece 
of pig sperm would support these findings, as it could act as an important 

detoxification enzyme during sperm motility. Additionally, JC-1 staining revealed 
a dramatic decrease in mitochondrial membrane potential (ΔΨm) of sperm due 

to GSTs inhibition. This outcome is consistent with the reduced mitochondrial 
activity and motility reported in goat sperm (Hemachand and Shaha, 2003). 

Furthermore, a strong and positive correlation was observed between ΔΨm and 

total motility. This correlation has been well-documented in the literature, as the 
production of adenosine triphosphate (ATP) and appropriate levels of ROS (Ford, 

2006; Amaral et al., 2013) are known to be essential for sperm motility. Taking 
these evidences together, one could reasonably posit that sperm GSTs play a 
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role in regulating mitochondrial function and subsequent motility performance 
during liquid-storage of semen.  

The role of GSTs in sperm membrane stability was substantiated in paper 

I, as the inhibition of these enzymes was seen to compromise plasma membrane 

integrity. Although the proportions of viable sperm were not significantly altered 
until 72 h of liquid storage, a marked increase in the percentage of viable sperm 

with high membrane lipid disorder was noticed as early as 24 h. This finding 
concurs with previous studies reporting that GSTs are predominantly localised in 

the sperm plasma membrane (Hemachand and Shaha, 2003) and their inhibition 
leads to damage of these membranes, as observed in goat sperm 

(Gopalakrishnan and Shaha, 1998). Besides, this study provided evidence that 

membrane-bound GSTs prevent cholesterol efflux and membrane lipid disorder, 
thus contributing to the preservation of pig semen. Despite this observed 

membrane lipid disorder resulting from GSTs inhibition, the acrosome membrane 
remained intact. These findings imply that even though GSTs inhibition leads to 

an increased membrane lipid disorder, this does not entail a direct effect on the 
acrosome membrane. This may also be related to the absence of GSTM3 from 

the acrosome membrane. Furthermore, GSTs were found to regulate the Ca2+ 
content within sperm. In effect, total intracellular Ca2+ levels were observed to 

increase within 24 hours of semen storage when GSTs were inhibited, whereas 

Ca2+ levels in the sperm head did not. These observations would suggest that the 
inhibition of sperm GSTs increases Ca2+ levels in the sperm mid-piece rather than 

in the head. While the role of mitochondrial Ca2+ in sperm signalling pathways is 
not fully understood, it is assumed that these organelles function as intracellular 

Ca2+ stores, as the negatively charged mitochondrial matrix can sequester Ca2+ 
ions (Amaral et al., 2013). The impairment of mitochondrial Ca2+ homeostasis due 

to GSTs inhibition may be caused by the destabilisation of sperm membranes, 

although further research is necessary to verify this hypothesis. These results 
point out to the essential role of sperm GSTs in regulating mitochondrial Ca2+ 

homeostasis during liquid storage of pig sperm. Overall, the role of sperm GSTs 
in regulating membrane lipid disorder, mitochondrial function and Ca2+ 
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homeostasis suggests an active role of these antioxidant enzymes in maintaining 
sperm functionality during liquid-storage of pig sperm.  

Given the antioxidant nature of GSTs, the intracellular levels of ROS in 

GSTs-inhibited sperm were evaluated during liquid preservation. The inhibition of 
GSTs led to changes in the physiological levels of ROS over the 72-h period of 

storage. Interestingly, although inhibition of GSTs resulted in an increase in the 
percentage of •O2

−-positive sperm, intracellular levels of H2O2 decreased. This is 

consistent with the knowledge that the main source of ROS in sperm is thought 
(i) to reside in the mitochondria (Storey, 2008), which were shown to be impaired 

by GSTs inhibition; and (ii) to result from the activity of a membrane attached-
NADH oxidase (Aitken and Baker, 2020), which would share its localisation with 

GSTs in the sperm membrane. The impaired mitochondrial activity caused by 

GSTs inhibition could contribute to the formation of •O2
− in sperm (Han et al., 

2001), which could explain the high percentage of •O2
−-positive cells in GSTs-

inhibited samples. Yet, while H2O2 is understood to be generated by SOD using 
•O2

− as a substrate, H2O2 levels in GSTs-inhibited sperm were found to decrease. 

This apparent contradiction could be explained by considering that other 
antioxidant enzymes present in sperm, such as GPx, CAT, and PRDX, scavenge 

intracellular H2O2 levels more efficiently than GSTs do (O’Flaherty and Rico de 

Souza, 2011). In order to compensate the effects of the inhibition of GSTs, the 
activity of H2O2-specific scavenger enzymes could increase, which would in turn 

reduce the intracellular levels of H2O2 in GSTs-inhibited sperm. This possibility is, 
however, unclear, and further research analysing the interactions between 

antioxidant enzymes in sperm is needed before this hypothesis can be confirmed. 
The evidence collected thus far indicates that GSTs protect sperm from 

overproduction of ROS, and suggests that they may exert this function in 
conjunction with other antioxidant systems. As physiological ROS levels are 

essential for both capacitation and fertilisation, these findings could serve as a 

foundation for further studies aimed at clarifying the specific role of GSTs in these 
two processes.  

 Taking all these results into consideration, the present Dissertation 
demonstrated, for the first time, the crucial role of GSTs in maintaining sperm 
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function and quality during preservation of semen at 15ºC-20ºC. Specifically, the 
inhibition of these antioxidant enzymes impaired the mitochondrial function and 

stability of the plasma membrane which, in turn, led to reduced sperm motility, 

compromised redox homeostasis and dysregulated intracellular Ca2+ levels. In 
conclusion, while the molecular mechanisms underlying the effects of GSTs on 

sperm physiology, and specifically ROS scavenging, remain to be fully 
comprehended, the findings reported herein highlight the essential role of GSTs 

for sperm function.  
 

Cellular stress-signalling regulation of GSTP1 in sperm 
As discussed previously, GSTs were, in this Dissertation, observed to be essential 

for preserving sperm function during liquid preservation by their detoxification 

role using reduced GSH. In eukaryotic cells, however, some GST members are 
involved in important cell signalling activity, such as the regulation of the response 

to cellular stress (Adler, 1999) and apoptosis (Cho et al., 2001). Specifically, 
GSTP1 has been established as a direct regulator of the JNK pathway in response 

to cellular stress by inducing the oligomerisation of GSTP1 and the subsequent 
dissociation of the GSTP-JNK complex, thus protecting the cell from OS via 

activation of specific kinases (Adler, 1999; Yin et al., 2000). Despite the important 

role of GSTP1 in cell signalling regulation via the inhibition of JNK enlightened in 
somatic cells, this molecular function of GSTs has never been investigated in 

mammalian sperm. Worthy of notice is that a study in sheep demonstrated that 
phosphorylation of JNK in sperm cells leads to increased apoptotic-like changes, 

DNA damage, and events related to capacitation (Luna et al., 2017). The 
aforementioned results suggest a putative role of the GSTP1-JNK heterocomplex 

in preventing sperm to activate cellular stress-signalling pathways causing early 
capacitation-related events or apoptotic-like changes during liquid storage. For 

this purpose, in paper V, a pharmacological dissociation of the GSTP1–JNK 

heterocomplex in liquid-preserved pig semen was induced by Ezatiostat, also 

known as Terrapin 199 (TER) (Wu and Batist, 2013). TER can bind GSTP1, thus 
blocking the JNK-binding site, which in turn inhibits the formation of the GSTP1–

JNK heterocomplex (Mathew et al., 2006). Consequently, the inhibition of 
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GSTP1–JNK binding enables the phosphorylation of JNK and the activation of 
the downstream cascade. 

 The experiments conducted in this study utilised immunoblotting analysis 

to investigate phospho-JNK, which revealed a heightened level of tyrosine (pY) 
and threonine (pT) phosphorylation in samples treated with TER after 72 h of liquid 

preservation. It is well established that mitogen-activated protein kinases 
(MAPKs; e.g., JNKs) are triggered through dual phosphorylation on Y and T 

residues (Lawler et al., 1998). These findings, therefore, provide the first evidence 
in mammalian sperm about the role of the GSTP1-JNK heterocomplex as an 

inhibitor of the JNK signalling pathway, by preventing the dual phosphorylation 
of its Y and T residues. Thus, pharmacological phosphorylation and subsequent 

activation of JNK were found to elicit a notable decrease of sperm mitochondrial 

function, viability and motility. This is in line with previous research establishing a 
link between JNK activation and mitochondrial dysfunction and cell death in 

somatic cells (Aoki et al., 2002; Heslop et al., 2020). This reduction of 
mitochondrial activity is likely to be responsible for the loss of sperm motility, due 

to the fact that high levels of ATP are required for axoneme dynein to drive sperm 
motility (Vívenes et al., 2009). Accordingly, the GSTP1-JNK heterocomplex plays 

a role in preserving sperm mitochondrial activity, sperm viability and motility. Still, 

the specific molecular mechanisms through which JNK activation leads to 
mitochondrial dysfunction in sperm cells are yet to be determined. In somatic 

cells, it has been suggested that JNK-mitochondrial SH3-domain binding protein 
5 (SAB), a docking protein for JNK, may be responsible for these processes, as 

it has been found to stimulate an intramitochondrial signal transduction pathway 
that impairs mitochondrial activity and increases ROS generation (Win et al., 

2018).  
Related to sperm mitochondrial dysfunction, an increase in intracellular 

•O2
− levels resulting from the pharmacological dissociation of the GSTP1-JNK 

heterocomplex was seen. These results align with previous research in somatic 
cells which demonstrated that JNK activation is related to increased •O2

− 

formation (Heslop et al., 2020). Besides the membrane attached-NADH oxidase 
activity (Aitken and Baker, 2020), one of the main sources of •O2

− in mammalian 
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sperm cells is believed to be the mitochondria, specifically the electron transport 
chain (Storey, 2008; Brand, 2016). These results suggest that the activation of 

JNK drives the disruption of the electron transport chain of sperm mitochondria. 

Further research is, however, needed to investigate the downstream effects of 
activated JNK on mitochondrial activity and •O2

− formation. 

Pharmacological stimulation of JNK appeared to reduce the stability of 
sperm plasma membrane without affecting acrosome integrity. Similarly, and as 

aforementioned, inhibiting the detoxification activity of GSTs also led to sperm 
membrane destabilisation, but did not affect the acrosome membrane. In spite of 

this, and in contrast to that observed when the detoxification activity of GSTs was 
inhibited, the dissociation of the GSTP1-JNK heterocomplex had no effect on 

intracellular Ca2+ levels. These findings suggest a specific destabilisation of 

plasma membrane in the sperm tail through activation of JNK, which could impair 
motility and mitochondrial activity without triggering Ca2+ fluctuations. Whilst 

these results suggest that this process could be mediated by the activation of 
JNK thanks to the dissociation of GSTP1-JNK heterocomplex, the specific 

molecular mechanisms by which GSTs maintain membrane stability remain 
unknown. 

In conclusion, the dissociation of the GSTP1-JNK heterocomplex leads 

to the activation of JNK, which induces a significant decline in sperm viability, 
motility, mitochondrial activity and plasma membrane stability, and increases •O2

− 

levels. These results support that the GSTP1-JNK heterocomplex regulates 
sperm physiology, specifically preserving mitochondrial function and membrane 

stability. 

 
GSTM3 is a biomarker of sperm quality and fertilising ability in humans and 

other animals  

As mentioned in the Introduction section, male infertility accounts for 50% of 
unsuccessful pregnancies, 20-30% of cases being exclusively caused by the 

male factor (Agarwal et al., 2015a). Traditionally, the prognosis of male (in)fertility 

has been achieved through conventional semen analysis, which is a simple, fast 
and cheap evaluation of semen quality. The seminogram, however, does not 

provide information about sperm physiology, leaving essential molecular aspects, 
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such as their DNA integrity and oxidative status, aside (Lewis, 2007; Altmäe and 
Salumets, 2011). Recently, there is a rising interest in the exploration of novel 

molecular markers to overcome seminogram limitations. Molecular markers are 

able to determine biochemical, metabolic and/or structural characteristics of 
semen samples in a cost-effective manner (Kovac et al., 2013; Carrell et al., 2016; 

Yadav, 2017). In this sense, searching novel molecular markers in semen is of 
great interest for ART of both fertility clinics and the animal breeding industry. 

Considering the essential role of GSTs in preserving sperm physiology, it is 
reasonable to presume that they can function as a biomarker of sperm physiology 

and fertilising ability in mammalian species. Based on this assumption, the 
present Dissertation evaluated the role of GSTM3 as a molecular marker of sperm 

quality and fertilising ability in pigs (papers II and VII), cattle (paper IV) and 

humans (paper VI). 

 In pigs, while previous experiments of this Doctoral Thesis demonstrated 
that GSTM3 is highly abundant in SP, the value of this antioxidant enzyme as a 

predictor of sperm function was not investigated. Although a previous study in 
humans associated reduced sperm quality with high amounts of GSTM3 in the 

SP (Intasqui et al., 2015), the results of the present Dissertation evidenced no 
association of GSTM3 levels in SP with sperm quality parameters, such as the 

ejaculate volume, sperm concentration, viability, motility, membrane lipid 

disorder, acrosome membrane damage and intracellular ROS levels, in pigs. 
Interestingly, however, a negative association of SP-GSTM3 with the percentage 

of sperm exhibiting proximal and distal droplets and coiled tails was detected. 
Sperm malformations are known to originate during spermatogenesis (primary 

malformations) and epididymal maturation (secondary malformations) (Bonet et 
al., 2012; Briz and Fàbrega, 2013). Proximal and distal droplets as well as coiled 

tails are likely to be secondary malformations resulting from an inadequate 

epididymal maturation (Cooper, 2005; Briz and Fàbrega, 2013). Furthermore, as 
discussed previously, immunoblotting analysis revealed a particularly high 

expression of GSTM3 in the epididymis, thus pointing out to an important role of 
this enzyme during epididymal maturation. Indeed, in humans, GSTMs are known 

to be incorporated and/or attached to sperm during epididymal maturation 
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(Suryawanshi et al., 2011), which suggests a function for these enzymes during 
sperm passage through the epididymis. Moreover, sperm-attached GSTs have 

been reported to protect sperm from OS and improve their storage within the 

epididymis (Dacheux et al., 2009). Taken together, these results indicate that 
higher amounts of GSTM3 in SP are associated with better epididymal maturation 

in terms of a lower occurrence of sperm secondary malformations, suggesting a 
putative role of this antioxidant enzyme during epididymal maturation. The 

molecular role of GSTM3 during this process has, nevertheless, been poorly 
studied and requires further research.  

In addition to being identified in the SP, results of the current work also 
evidenced the presence of GSTs within the sperm cell. Remarkably, and as 

explained before, this group of antioxidant enzymes exhibited an important role 

in detoxification and cellular stress-signalling regulation. Consequently, the 
present Dissertation explored the potential use of sperm GSTM3 as a biomarker 

of sperm quality, functionality, and fertilising ability in pigs (paper VII), cattle 

(paper IV) and humans (paper VI). To compare the results obtained in each of 

these species, it is noteworthy that not only were dissimilarities of GSTM3 

identified in the band patterns of blots (~25, ~28, ~48, and ~75 kDa), but the 
analytic procedure (immunoblotting or enzyme-linked immunosorbent assay, 

ELISA) and the source of semen (fresh/liquid-stored or cryopreservation) were 

also different. In effect, in pig sperm, the ~25 kDa and ~28 kDa GSTM3-specific 
bands, putatively caused by PTMs, were quantified as a whole (total GSTM3) and 

ratio (~25 kDa/total GSTM3) by immunoblotting analysis in fresh/liquid-stored 
samples. In cattle, however, the single ~48 kDa band observed in immunoblots 

was quantified in frozen-thawed sperm as total GSTM3. Finally, in humans, the 
limitations in sample availability restrained the quantification of this antioxidant 

enzyme to ELISA and cryopreserved sperm samples, thus simultaneously 

assessing both ~48 kDa and ~75 kDa GSTM3-specific bands.  
Regarding sperm quality parameters, a positive association between the 

~25 kDa/total GSTM3 ratio, but not total GSTM3, and sperm motility, normal 
morphology, acrosome membrane integrity and intracellular calcium levels was 

noticed in pigs. As discussed previously, the presence of ~25- and ~28-kDa 
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GSTM3-specific bands in pig sperm suggests the occurrence of PTMs in GSTM3. 
Indeed, tyrosine phosphorylation (Kumar et al., 2014) and O-linked glycosylation 

(Gurcel et al., 2008) have already been reported to regulate the activity of this 

enzyme in buffalos and humans, respectively. Taken together, these results 
indicate that greater amounts of post-translationally modified GSTM3 are 

associated with lower sperm quality in pigs. Thus, it is reasonable to hypothesise 
that a high proportion of post-translationally modified GSTM3 in sperm is linked 

to disrupted redox homeostasis during spermatogenesis and/or epididymal 
maturation, and underlies poor sperm quality. Given the association of GSTM3 

and sperm quality in pigs, its relationship with DNA damage is worth of study. 
Sperm DNA damage was previously proposed to compromise embryo 

development in mammals (Mateo-Otero et al., 2022), thus highlighting the 

relevance of the male factor on (in)fertility, especially regarding DNA integrity. The 

experiments conducted in paper VII evidenced that single-stranded sperm DNA 

fragmentation (ssSDF), but not double-stranded SDF (dsSDF), was inversely 

associated with the ~25 kDa/total GSTM3 ratio in pig sperm. These observations 

were consistent with those reported for sperm quality, as a higher ~25 kDa/total 
GSTM3 ratio was associated with better sperm quality and lower DNA damage. 

The ssSDF is basically generated by oxidative damage, mainly as a result of 
endogenous and/or exogenous ROS (Agarwal and Prabakaran, 2005; Simon and 

Carrell, 2013; Ribas-Maynou and Benet, 2019). Accordingly, the results 
presented in this Dissertation support the essential role of GSTM3 in maintaining 

redox homeostasis and preventing oxidative DNA damage in pig sperm. Indeed, 

the putative influence of GSTs upon the protection of sperm DNA from oxidative 
damage was already observed. Previous studies proved that men with a GSTM1-

/- genotype exhibited higher susceptibility to sperm DNA damage associated with 

exposure to air pollutants (Rubes et al., 2007), as well as increased ROS levels in 
sperm and SP (Aydemir et al., 2007). Related to this, it is important to bear in 

mind that, as discussed previously, GSTM3 would also be involved in sperm 

detoxification, thus preventing lipid peroxidation and maintaining mitochondrial 
function, plasma membrane stability and redox homeostasis (Hemachand and 

Shaha, 2003). Finally, given the association of sperm GSTM3 with sperm quality 
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and DNA integrity, it was reasonable to adumbrate that this antioxidant enzyme 
is also related to sperm fertilising ability. For this reason, further experiments 

using the pig as a model were subsequently run, demonstrating the association 

between sperm GSTM3 content and IVF outcomes. Specifically, a positive 
correlation between the ~25 kDa/Total GSTM3 ratio and in vitro fertilisation rates 

was seen. In support of these findings, a previous comparative proteomics study 

did report sperm GSTM3 as an in vivo fertility marker in pigs (Kwon et al., 2015). 
Specifically, those authors observed that a ~27 kDa-band GSTM3 was under-

expressed in boars giving rise to large litter sizes. Noticeably, while that study 

identified a single GSTM3-band in blots, one could conjecture, based on the 
molecular weight, that it corresponded to the putative post-translationally 

modified GSTM3-specific band observed in this Dissertation. The results of Kwon 
et al., (2015) would, therefore, be in line with those of the present Doctoral Thesis, 

evidencing that higher levels of the post-translationally modified GSTM3 are 
present in poor quality sperm, with higher oxidative DNA damage and subsequent 

reduced IVF rates and litter sizes. In the view of the above, the ratio between 
unmodified GSTM3 and total content is strongly associated to sperm quality, 

DNA integrity and fertilising ability. Given the exploratory nature of these data, 

and despite further studies being needed before robust conclusions about the 
role of sperm GSTM3 as a molecular marker can be reached, these results 

warrant additional research to implement the practical use of this antioxidant 
enzyme as a quality and fertility biomarker in swine AI centres. Moreover, 

experiments addressing the identity of the PTMs responsible for the GSTM3 
double band-pattern observed in pig sperm should be performed in the future, as 

they would provide relevant information on its regulation and relationship with 

sperm quality and fertility. 
In spite of all the aforementioned for pigs, the relationship of GSTM3 with 

sperm quality and in vivo fertility was less obvious in the case of cryopreserved 

bovine sperm. Interestingly, although there was no relationship between total 
GSTM3 and sperm quality parameters, except for a negative correlation with the 

percentage of sperm with coiled tails, a strong, negative association with non-
return fertility rates was noted. Similar to that previously hypothesised for pig 
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sperm, germ cells with high OS and/or inadequate spermatogenesis or 
epididymal maturation may enhance the expression of GSTM3, thus exhibiting 

higher levels of this antioxidant enzyme in mature sperm. Consequently, higher 

levels of GSTM3 in frozen-thawed bovine sperm could indicate an impaired 
spermatogenesis and/or epididymal maturation. This would be in agreement with 

the high levels of sperm GSTM3 found in ejaculates with lower in vivo fertility, 

despite the lack of a clear association between total GSTM3 content and sperm 
quality. Thus, although further research involving a larger cohort of animals is 

required, these data support that sperm GSTM3 could be used as an in vivo 

fertility biomarker in cattle. 
The analysis of the association between GSTM3 content and sperm 

quality in cryopreserved human sperm painted a rather different picture. In effect, 
total levels of GSTM3 in sperm were found to be positively associated to their 

motility and normal morphology. Moreover, and in contrast to that detected in 
cattle, lower levels of GSTM3 were observed in infertile men with 

asthenozoospermia/oligozoospermia, but not with idiopathic infertility, when 
compared to fertile normospermic men. The lack of significant differences in 

sperm GSTM3 levels between idiopathic infertile and normospermic fertile men 

could indicate the association of this antioxidant enzyme with sperm quality 
rather than directly to fertility. In line with these results, a negative association 

between sperm GSTM3 and ssSDF, but not dsSDF, was also observed in humans 

in paper VI. In effect, high levels of GSTM3 were detected in sperm samples 

showing good quality and low oxidative DNA damage. Although one might 
assume that high levels of this antioxidant enzyme in sperm would protect them 

from OS, thus conferring better sperm quality and DNA integrity, these data are 
inconsistent with the results previously reported in the literature. Oppositely to 

these data, previous studies in humans evidenced high levels of GSTM3 in sperm 
of poor quality (Botta et al., 2009) and high DNA damage (Behrouzi et al., 2013). 

This apparent contradiction might, nevertheless, be explained by methodological 

dissimilarities between studies. While in the present work GSTM3 was measured 
with ELISA in control and oligozoospermic/ asthenozoospermic samples, pools 

of control and oligospermic samples were subject to two-dimensional proteomic 
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analysis in the former study and a proteomic approach through liquid 
chromatography–mass spectrometry (LC-MS/MS) of 11-30 kDa proteins was 

carried out in the latter. Yet, and despite these discrepancies, ROC analysis ran 

herein yielded a consistent, good discrimination value of sperm GSTM3 in 
differentiating normal from altered seminograms (AUC of 0.91). These data pave 

the way towards the use of GSTM3 as a molecular marker to predict sperm quality 
and DNA integrity in humans. 

 In conclusion, despite the high heterogeneity in GSTM3-band patterns, 
and the differences between analytic methods and semen sources, which hinder 

a direct comparison of sperm GSTM3 content between species, the data 
compiled in this Dissertation upholds the association of this antioxidant enzyme 

with sperm quality and fertility in mammalian sperm. In this regard, and albeit 

further research still being required, sperm GSTM3 could be used as a biomarker 
of sperm quality and fertility in mammals, which is of great interest for both fertility 

clinics and the animal breeding industry. Furthermore, these results warrant 
further validation with larger cohorts and ROC curve analysis prior to the 

commercial use of GSTM3 as a quality and fertility biomarker. 
 

GSTM3 is able to predict the capacity of sperm to withstand preservation 

procedures 

Whereas liquid storage entails a decrease in sperm metabolic activity to maintain 
their function and fertilising ability for a limited period (Waberski et al., 2019; 

Henning et al., 2022), cryopreservation can indefinitely safeguard the 
characteristics of sperm in a frozen state (Yeste, 2016). Despite the recent 

advances in the sperm conservation methods for humans and farm animals, the 
use of preserved sperm, in both liquid and frozen state, has yet to meet some 

expectations. Physiological differences between species and ejaculates, in terms 

of their resilience to preservation, are still challenging to anticipate. In this sense, 
the prediction of preservation-induced damage in sperm is of great interest for 

ART in both fertility clinics and the livestock industry. Considering the essential 
role of GSTM3 in keeping sperm intact and functional, and its association with 

sperm quality and fertility parameters, it is reasonable to presume that this 
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antioxidant enzyme can function as a predictor of sperm capacity to withstand 
preservation procedures. For this reason, the ability of GSTM3 to predict sperm 

quality after liquid storage and cryopreservation in pigs was evaluated in papers 

I and III, respectively. 

Paper I sought to elucidate the relationship between the content of sperm 

GSTM3 prior to liquid storage and their quality and functionality after preservation 
for 72 h. Interestingly, a negative correlation was observed between relative levels 

of the putatively post-translationally modified GSTM3 before liquid preservation 

and their motility and mitochondrial activity after 72 h of storage. Accumulating 
evidence in the literature supports the relationship between GSTM3 and 

mitochondrial function (Gopalakrishnan and Shaha, 1998; Hemachand and 
Shaha, 2003). Indeed, previously discussed results proved the importance of 

GSTs activity in maintaining sperm motility and mitochondrial activity. The 
relationship between GSTM3 content and mitochondrial activity observed herein, 

therefore, strengthens the hypothesis of a tight relationship between GSTs 

activity and mitochondrial function. Specifically, these data suggest that the 
putative PTM of GSTM3, rather than its total content, is negatively associated to 

sperm quality during liquid preservation. Consequently, though validation 
assessments are required, these findings encourage the use GSTM3 as a 

predictor of the sperm capacity to withstand liquid preservation in pigs. 
The present Dissertation also attempted to investigate the relationship of 

the content of GSTM3 in fresh sperm with their quality and functionality after 
cryopreservation. Cryopreservation is known to elicit detrimental effects on 

sperm physiology, such as a decrease in sperm motility, changes in the 

composition and biophysical properties of the plasma membrane, impairment of 
mitochondrial function and alterations in ROS generation (Yeste, 2016). 

Moreover, this Doctoral Thesis demonstrated the molecular role of GSTs in 
preventing sperm mitochondrial dysfunction, maintaining plasma membrane 

stability and promoting redox homeostasis. In this regard, it is reasonable to 
suggest that the antioxidant activity exerted by GSTM3 could be related to sperm 

motility, viability, mitochondrial status and redox homeostasis after 

cryopreservation. In fact, a previous study revealed that cryopreserved buffalo 
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sperm exhibit greater GST activity than their fresh counterparts (Kumar et al., 
2014), thus backing the protective role of this antioxidant enzyme during 

cryopreservation. In fact, the relocalisation of GSTM3 to the mid-piece in 

response to freeze-thawing reported in the present Dissertation could be a 
protective mechanism to withstand cryopreservation. Furthermore, data 

evidenced a negative association between levels in fresh sperm of the putatively 
post-translationally modified GSTM3 and sperm viability, lipid membrane 

disorder, intracellular •O2
− levels and mitochondrial activity at post-thawing. 

These results, together with the high levels of PTM-GSTM3 found in the fresh 

sperm of PFE ejaculates, suggest that this antioxidant enzyme is also a promising 
marker of pig sperm cryotolerance. 

In short, and notwithstanding the fact that these results warrant the use 

of sperm GSTM3 as a molecular marker for the sperm resilience to liquid storage 
and cryopreservation, further studies with larger cohorts and ROC analysis 

should be performed to validate this antioxidant enzyme as a robust molecular 
predictor. Still, the results compiled in the present Dissertation are promising to 

develop novel predictive systems to anticipate sperm quality after preservation, 
in both liquid and frozen states. This may help identify poor quality ejaculates, 

unable to withstand preservation procedures, with a cost-effective, simple and 

accurate manner, thus improving the efficiency of this technology. 
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CONCLUSIONS 

 
1. GSTs, and specifically GSTM3 and GSTP1, are present in human, pig and 

cattle sperm, and exhibit species-specific differences in terms of 
immunoblotting band-pattern and localisation. 

 
2. In pigs, GSTM3 is present in reproductive tissues, seminal plasma and 

sperm, and, in the latter, is subject to loss or relocalisation in response to 
liquid-storage and cryopreservation. 

 

3. GSTs play a key role in mitochondrial activity, plasma membrane stability 
and oxidative regulation, thus being essential antioxidant enzymes to 

preserve sperm function. 
 

4. GSTP1 regulates sperm function by the formation of the GSTP1-JNK 
heterocomplex and subsequent inhibition of JNK, thus preserving 

mitochondrial activity and membrane stability. 
 

5. GSTM3 in sperm can be used as a biomarker of sperm quality and in vitro 

fertility in pigs, of in vivo fertility in cattle, and of sperm quality in humans. 

 
6. GSTM3 in sperm is able to predict their capacity to withstand both liquid-

storage and cryopreservation in pigs.  
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