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Summary

The aims of this thesis were to use Nuclear Magnetic Resonance (NMR) to scan live spermatozoa in order to identify and quantify spermatozoa metabolites. The results indicate that NMR can both identify live sperm metabolites as well as quantify and monitor them in real time.

NMR has only once previously been used to study live sperm metabolism in real time. Therefore, the first half of this thesis focussed on optimising proton NMR (1H) parameters and ensuring sperm remained viable within the scanner. Six sperm metabolite peaks were identified from NMR spectra indicating the presence of lipid, lactate, arginine+spermine+leucine, citrate, glutamine and glucose/fructose. External stimuli were then used to alter sperm metabolism and the difference in metabolite spectral peaks quantified. Changes in lactate were measurable which helped support previous literature suggesting that glycolysis was a significant metabolic pathway in mammalian sperm and that NMR was capable of detecting metabolite changes in real time.

Intra ejaculate variation of metabolites was investigated in high motility, normozoospermic sperm and found to not vary signignificantly. The comparison of metabolites observed in seminal plasma, as well as low-quality and high-quality sperm was then performed between normozoospermic (n=15), oligozoospermic (n=3); and asthenozoospermic (n=5) samples. This suggested, there were no significant differences between metabolites from high and low motility spermatozoa, but glutamine was significantly different in seminal plasma between normozoospermic & oligozoospermic ejaculates and oligozoospermic & asthenozoospermic ejaculates.

Finally carbon 13 NMR was used to track labelled pyruvate in real time as it was metabolised by spermatozoa into metabolic products. Pyruvate, lactate, and bicarbonate were identified suggesting that both glycolytic and OXPHOS metabolism pathways were being utilised. CO2 was identified in longer scans further supporting sperm utilising OXPHOS alongside glycolysis. No significant difference was identified in human spermatozoa from different classes of fertility in terms of rate of 13C pyruvate consumption. 
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[bookmark: _Toc319648433][bookmark: _Toc373754486]1.1 Biology of sperm
Spermatozoa are cells produced by the testes that transport haploid genetic information of the male to the oocyte, which contains genetic information of the female. Mammalian sperm are unique in that they have a highly polarised structure which has evolved under strong selection pressures (Rowe et al., 2013). Sperm competition, which occurs when a female mates with more than one male in a single oestrous cycle, has resulted in the evolutionary strategy of men having high numbers of very small sperm (Parker, 1982). High numbers of sperm are costly to the body’s resources and therefore, there is little investment in each one. This is evident as sperm lack organelles common to somatic cells including the endoplasmic reticulum, golgi and ribosomes and having almost no cytoplasm (Mukai and Travis, 2012). Transportation of haploid genetic information is achieved by motility. Motility is essential as following ejaculation, sperm become pooled in the anterior vagina and then swim up from this pool into the cervical canal (Suarez and Pacey, 2006) and begin their journey to the Fallopian tubes to accomplish fertilisation (Suarez and Pacey, 2006). Abnormalities in the structure, motility or genetic make up of spermatozoa will affect fertility and ultimately the ability to conceive. 
[bookmark: _Toc319648434][bookmark: _Toc373754487]1.1.1 Spermatozoa production
[bookmark: _Toc319648435]1.1.1.1 Spermatogenesis
Spermatogenesis, the process by which spermatozoa are formed consists of three entities (i) mitotic proliferation which produces a large number of cells, (ii) meiotic division which creates genetic diversity and halves the chromosome number and  (iii) cytodifferentiation which involves packaging the chromosomes enabling delivery to the oocyte (Figure 1.1).

Within the immature testis lies the quiescent interphase prospermatogonial germ cells which are reactivated postnatally and enter rounds of mitosis in the basal compartment of the tubule. These are unsurprisingly terms spermatogonial stem cells (SSC’s) from which type A spermatogonia arise with distinct morphology.
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Figure 1.1: Spermatogenesis showing mitotic proliferation, meiotic division and cytodifferentiation (figure adapted from Johnson et al., 2013)  
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Each type A spermatogonia undergoes numerous mitotic divisions producing a clone of 16 cells. These then develop into morpholically distinct type A1 spermatogonia, each of which undergoes a further five mitotic divisions forming A1-4, intermediate and type B. All of the type B spermatogonia then divide to form primary spermatocytes (Johnson et al., 2013) Each primary spermatocyte duplicates its DNA content forming secondary spermatocytes containing a single set of chromosomes. Secondary spermatocytes are short lived as they quickly divide to become haploid spermatids. Cytoplasmic remodelling of the spermatid is termed spermiogenesis. This involves spermatids changing from round to elongated, generation of the tail, mid piece formation containing mitochondria, equatorial and postacrosomal cap region formation and the acrosome also forms.
[bookmark: _Toc319648437]1.1.1.2 Epididymal maturation
The spermatozoon released from the output of the testis is morphologically complete but immotile and unable to fertilise an oocyte (Dacheux and Dacheux, 2014). In mammals, the spermatozoon acquires fertilisation ability through a series of post gonadal differentiations stages that occur during transit through the epididymal tubule. Epididymal sperm acquire motility with an increase in asymmetry and irregular flagella beating in the anterior part of the epididymis (Bork et al., 1988, Chevrier and Dacheux, 1992). However, such motility is only observed in vitro when epididymal sperm are washed free of epididymal fluids and re-suspended in artificial medium. The second significant maturation step of epididymal spermatozoa is the gradual acquisition of the ability to bind to the zona pellucida (ZP) and the oocyte membrane (Figure 1.2). The spermatozoa plasma membrane (Figure 1.3), which is also the inner acrosomal membrane, interacts with the egg plasma membrane during fertilisation. It is thought that the role of the epididymis in the development of sperm-egg interaction may be associated with the control of processing and redistribution of testicular sperm surface proteins. These modifications are suggested to be linked to the binding properties of the spermatozoa however, the specific role mechanism by which these modifications take place remains unexplained (Dacheux and Dacheux, 2014).
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1.1.1.3 Hormonal regulation of sperm production
Since the late 1920’s, testosterone (T) has been demonstrated to maintain the structure and functions of the epipidymis (Benoit, 1926) and there have been several publications showing the response of the epididymis in mammals to androgen withdrawal (reviewed in (Robaire and Hamzeh, 2011)). Concentrations of T in the seminiferous tubules are 10-100 times those found in serum (Turner et al., 1984, Turner, 1991) and are essential for the maintenance of spermatogenesis (Jarow and Zirkin, 2005, Awoniyi et al., 1990). High concentrations of T leave the testis through the efferent ducts and upon entry to the epididymis, are rapidly converted to dihydrotestosterone (DHT) (Turner, 1991), the most biologically active endogenous androgen, by the enzyme steroid 5α reductase and to E2 by the P450 enzyme, steroid aromatase, which can be found in spermatozoa (Janulis et al., 1998). The actions of T and DHT are primarily mediated by binding to androgen receptors (AR), although there is some evidence for cell surface mediated androgen action (Benten et al., 1999, Kampa et al., 2002). Androgen receptors are found in the epididymis of all species examined to date (rat, rabbit, dog, ram, monkey and human (reviewed in (Robaire and Hamzeh, 2011)).
Steroidogenesis is fundamental to spermatogenesis within the male testes. Steroidogenesis involves the hypothalamic-pituitary-gonadal axis (HPG axis) which consists of three levels: (i) hypothalamus, (ii) pituitary and (iii) testes. GnRH, gonadotrophins containing leutinizing hormone (LH) and follicle-stimulating hormone (FSH) along with sex steroids such as oestrogen and androgens are all products of the HPG axis. GnRH secreted by the hypothalamus in a periodic pulsatile manner (Seeburg et al., 1987) stimulates the synthesis and secretion of LH and FSH by the anterior pituitary glands (Jin and Yang, 2014). The duration and frequency of pulsatile GnRH secretions influence the subsequent release of LH and FSH (Thackray et al., 2010). LH and FSH share common ‘A’ subunits but differ in their ‘B’ subunits (Morgan et al., 1975). Therefore, LH specifically binds to receptors on Leydig cells and interstitial cells in the testes and promote leydig cells to secrete androgens. FSH binds to sertoli cells which build the microenvironment of spermatogenesis. FSH accompanied with testosterone regulates the maturation of spermatozoa. Activin, inhibin and follistatin regaulte the expression and secretion of gonadotrophins. 
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Oestrogen, androgens and progesterone are also involved in the HPG axis and regulate the secretion of gonadotrophins and GnRH. Both LH and FSH together with gonadal steroid hormones and peptide hormones including activin and inhibin act as feedback molecules in the HPG axis (Jin and Yang, 2014).
[bookmark: _Toc319648438][bookmark: _Toc373754488]1.1.2 Structure and function of spermatozoa 
[bookmark: _Toc319648439]1.1.2.1 Head
The main function of the sperm head is to protect the DNA contained within the sperm during transit to the site of fertilisation (Figure 1.3). The head contains a limited number of structures including the nucleus, acrosome and post acrosomal region. Aberration in sperm morphology is associated with impaired function and includes irregular head shape (Kruger et al., 1988, Marsh et al., 1987, Oehninger et al., 1988). Semen analysis measures amongst other parameters, the dimensions of the head for morphology assessment because irregularities in head shape have major consequences for male infertility (Barratt et al., 2011).
[bookmark: _Toc319648440]1.1.2.2 Flagellum
The mammalian sperm flagellum is structurally divided into four sections: (i) the connecting piece, (ii) the midpiece, (iii) the principle piece, and (iv) the end piece (Fawcett, 1975)(Figure 1.3). The connecting piece is the section of the flagellum that is attached to the implantation fossa of the nucleus in the sperm head. From here, the axoneme extends through out the length of the flagellum.  The axoneme is a cytoskeletal structure composed of a ring of 9 microtubule doublets surrounding a central pair (Figure 1.4). Inner and outer dynein arms project out from each of the outer 9 doublets, and these arms are responsible for creating the motive force of the flagellum (Burgess et al., 2003). Furthermore, 9 radial spokes, each of which originates from 1 of the 9 outer micro tubular doublet pairs, project inward towards the central pair in a helical fashion (Figure 1.4). Tail abnormalities have been suggested to impair sperm function (Lim et al., 1998, Hall et al., 1995). Mitochondria, the site of oxidative phosphorylation are located in the sperm midpiece at the extreme anterior end of the flagellum (Ford, 2006)(Figure 1.3). 

The midpiece is wider due to the presence of helically arranged mitochondria around the outer dense fibres (ODF’s) and axonome. A poorly produced midpiece is also associated with impaired sperm function (Sukcharoen et al., 1995). The majority of the sperm is composed of the principle piece, characterised by the fibrous sheath (Figure 1.3), which lies just below the plasma membrane and has two longitudinal columns that are connected by lateral ribs.  Its termination marks the beginning of the end piece.
[bookmark: _Toc319648441]1.1.2.3 Spermatozoa motility
Mammalian sperm display two types of motility: activated motility, seen in freshly ejaculated sperm and hyperactivated motility, identified in sperm recovered from the site of fertilisation (Katz and Yanagimachi, 1980, Suarez and Osman, 1987). Activated motility is characterised by low amplitude, symmetrical waveform of the flagellum (Figure 1.5), which propels the sperm in a relatively straight line. In contrast, hyperactivated motility involves an asymmetrical flagella beat at high amplitude (Figure 1.5), which results in ‘star shaped’ or figure of eight trajectories (Yanagima.R, 1970, Yanagimachi, 1994c, Ishijima et al., 2002). It is currently understood that activated motility is used to propel the sperm through the female reproductive tract to the oviduct (Suarez and Pacey, 2006) whereas hyperactivated motility helps sperm detach from the oviductal epithelium, reach the site of fertilisation and penetrate the cumulous and zona pellucida of the oocyte (Suarez et al., 1991, Stauss et al., 1995, Ho et al., 2002).
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[bookmark: _Toc319648442]1.1.2.4 Regulation of sperm motility
Initiation and maintenance of activated motility in mammals is partially dependent on the cAMP-dependent phosphorylation of flagella proteins (Tash and Means, 1982, Tash and Means, 1983, Sanagustin and Witman, 1994). Mice with a targeted deletion of the sperm specific isoform of the catalytic (C) subunit of cAMP dependent serine/threonine kinase, protein kinase A (PKA) have a phenotype of male infertility correlated with poor sperm motility (Skalhegg et al., 2002, Leclerc et al., 1996).  This suggests that cAMP affects sperm motility through the activation of PKA. PKA may operate through multiple pathways to control flagella function however, one mechanism of action is the phosphorylation of serine/threonine of PKA target proteins which results in activation of downstream, unidentified tyrosine kinase (Leclerc et al., 1996). Tyrosine phosphorylation is also strongly associated with the onset of sperm motility (Tash and Bracho, 1998) and is likely to be downstream of the serine/threonine phosphorylation. Calcium signalling is another pathway found to regulate both activated and hyperactivated sperm motility (Suarez and Osman, 1987, Tash and Means, 1987, Lindemann and Goltz, 1988, White and Aitken, 1989, Yanagimachi, 1994b, Ho et al., 2002). It has been suggested that intracellular calcium stores are involved in the regulation of hyperactivated motility (Ho and Suarez, 2003) however, there are no obvious intracellular calcium stores in spermatozoa due to their lack of an endoplasmic reticulum within the flagellum.

The sperm nucleus is highly condensed and therefore is transcriptionally silent (Miller et al., 2005, Miller and Ostermeier, 2006) and translational activity is negligible although evidence has been presented for translation occurring at the ribosomes (Gur and Breitbart, 2008, Chandrashekran et al., 2014). Regulation of sperm function is therefore dependent primarily on post translational processes. [Ca2+]I signalling is paramount to this regulation and in mammalian sperm it plays a pivotal role in controlling sperm motility type and potentially chemotaxis, induction of the acrosome reaction (AR) and capacitation (Publicover et al., 2007, Darszon et al., 2007, Darszon et al., 2011). The importance for sperm function of membrane Ca2+ influx is well established (Darszon et al., 2011) and there is also good evidence supporting the existence and functional importance of intracellular Ca2+ storage organelles in sperm (Darszon et al., 2007, Publicover et al., 2007). Specifically, the acrosomal vesicle at the apex of the head and the collection of vesicular membranous structures that occur at the sperm neck and anterior midpiece appear to be functionally important Ca2+ stores. At these locations inositol-1,4,5-trisphosphate-(IP3) receptor (IP3Rs) were detected in human and bovine sperm by immunostaining (Dragileva et al., 1999, Kuroda et al., 1999, Ho and Suarez, 2001b, Ho and Suarez, 2003). IP3 is a second messenger with a specific requirement for Ca2+ which acts as a co-agonist in order to open Ca2+ channels (Bezprozvanny et al., 1991). 
[bookmark: _Toc319648443][bookmark: _Toc373754489]1.2 Ejaculation
During mental and physical stimulation, increasing levels of arousal reach a threshold, which triggers ejaculation in the male (Levin, 2009). Rhythmic contractions of the ischiocavernosus and bulbospongiosus muscles and consequent semen expulsion are mediated by the sensory neurons in the pelvis (Levin, 2009). Peristaltic contraction of smooth muscle in the epididymis, vas deferens, seminal vesicle and prostate follows, propelling sperm and accessory organ secretions through the male ductal system, into the ejaculatory ducts and urethra (Barazani et al., 2012). The seminal vesicles (Figure 1.6) are responsible for approximately 50-80% of the male ejaculate, producing a fluid that is alkaline and rich in fructose (Tauber et al., 1975). The result is semen, a biological soup containing spermatozoa from the testes and epididymis and seminal plasma consisting of multiple contributions from accessory organs. Therefore, the ejaculate can be divided into two fractions: (i) the seminal plasma and (ii) the spermatozoa. 

Seminal plasma consists of multiple contributions of the accessory organs including the prostate, seminal vesicles and with little contribution from the Wolffian ducts (in humans), testes and epididymis. It also consists of inorganic ions, zinc, magnesium, calcium, low molecular weight organic compounds, peptides, hormones (Sorensen et al., 1999) and antibodies (Chamley and Clarke, 2007).  Upon ejaculation, semen coagulates and the thick mucous component is enzymatically degraded in 30-60 minutes (Lilja and Lundwall, 1992).
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Degradation occurs due to the presence of a prostate specific antigen (PSA), a serine protease secreted by the prostate gland (Watt et al., 1986). It has been suggested that this coagulum protects the sperm against the harsh environment of the vagina (Lundwall et al., 2003). During sperm washing in vitro, three fractions are generated (i) seminal plasma (ii) low motility spermatozoa, and (iii) high motility spermatozoa. After ejaculation, mammalian sperm acquire energy from nutrient molecules found in the seminal plasma and the female reproductive secretions to fuel their journey through the female reproductive tract (Visconti, 2012). 
[bookmark: _Toc319648445][bookmark: _Toc373754490]1.3 Journey through the female reproductive tract
The journey undertaken by sperm through the female reproductive tract is designed to maximise the chance of fertilisation and ensure that vigorously motile sperm with normal morphology are successful (Suarez and Pacey, 2006). Sperm are subjected to physical stresses during ejaculation and contractions of the female tract and they must survive oxidative damage. Furthermore, the female immune system may mistake sperm as infectious bodies and thus attack them with an immune response (Kutteh et al., 1993). Therefore, on this long journey, sperm must maintain their function in spite of these numerous attempts to inhibit their journey. Of the millions of sperm inseminated at coitus, only a few thousand reach the Fallopian tubes and a single sperm fertilises the oocyte.
[bookmark: _Toc319648446][bookmark: _Toc373754491]1.3.1 Vagina
In humans, the vagina is the location at which the semen is deposited following ejaculation. Here, the semen pools at the anterior and within minutes sperm begin to swim up into the cervical canal (Sobrero and Macleod, 1962) (Figure 1.7). In contrast, in pig species the vagina is bypassed with semen being deposited directly into the uterine cavity to enable quick access for the sperm to the oviduct (Hunter, 1981).
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[bookmark: _Toc373754492]1.3.2 Cervical mucus
Sperm in humans enter the cervical canal rapidly where they encounter cervical mucus (Figure 1.7). Under the influence of oestrogen, the cervical mucus secreted by the cervical crypts becomes more hydrated and the extent of its hydration determines the penetrability to sperm (Morales et al., 1993). Cervical mucus is the first barrier sperm face and it selects morphologically normal, vigorously motile sperm (Hanson and Overstreet, 1981, Barros et al., 1984, Katz et al., 1990, Katz et al., 1997).
[bookmark: _Toc319648448][bookmark: _Toc373754493]1.3.3 Uterus
The human’s uterine cavity is just a few centimetres in length. A single sperm swimming at 5mm/min can swim through the entire cervix in less than 10 minutes. (Mortimer and Swan, 1995). The sperm have further assistance by ovarian contractions of the myometrium (Figure 1.7) which also draw sperm up from the cervix (Lyons et al., 1991). However, motility is key to their success in reaching the site of fertilisation. 

1.3.4 Uterotubal junction
The uterotubal junction acts as an anatomical, physiological and mucous barrier to sperm passage in most mammal species. The entrance to the junction is not complex in humans but in other species it is much more difficult for sperm to pass due to its narrow lumen and the presence of mucosal folds (Hook and Hafez, 1968, Beck and Boots, 1977, Wrobel et al., 1993). It can also be mucous filled which can inhibit the progress of sperm even further.
[bookmark: _Toc319648449][bookmark: _Toc373754494]1.3.5 Capacitation
In the Fallopian tubes (Figure 1.7), sperm undergo two changes in preparation for fertilisation. The first, capacitation, involves plasma membrane changes including shedding of proteins and cholesterol that prepare sperm to undergo the acrosome reaction and fertilise oocytes (De Jonge, 2005). Capacitation also involves an increase in certain intracellular messengers including cAMP and PKA, and increased phosphorylation of a set of proteins by a set of kinases (Storey, 1995, Baldi et al., 1996, Visconti and Kopf, 1998). It is suggested that its role is to prevent the release of lytic enzymes until spermatozoa reach the oocyte (Tesarik, 1989). Capacitation is also characterised by a rapid increase in sperm motility and flagella beating frequency known as hyperactivation.
[bookmark: _Toc319648450][bookmark: _Toc373754495]1.3.6 Hyperactivation
It is likely that the sperm become hyperactivated in the Fallopian tubes (Figure 1.7). Sperm can also be hyperactivated in aqueous media in vitro and their motility changes from progressive to circular and erratic motions (see section 1.1.2.3). Hyperactivation may also assist sperm in detaching from m the epithelium (Ho and Suarez, 2001a). In vivo it is suggested that hyperactivation is required for sperm to swim towards the oocyte and penetrate its vestments. Hyperactivation is also essential for penetration of the zona pellucida (Stauss et al., 1995, Quill et al., 2003, Ren et al., 2001).
[bookmark: _Toc319648451][bookmark: _Toc373754496]1.3.7 Acrosome reaction and perm oocyte binding
When the sperm reaches its final destination, the ovum, the acrosome releases enzymes that penetrate the zona pellucida (Brucker and Lipford, 1995). Fusion of the spermatozoa outer membrane with the zona pellucida plasma membrane occurs (Osman et al., 1989) and consequently fertilisation. 

The acrosome reaction is an exocytotic calcium dependent process essential for the penetration of sperm through oocyte coats. The acrosome is a secretory vesicle which sits on the tip of the sperm head and its structure varies among species. The acrosome consists of an outer membrane that sits underneath the sperm plasma membrane and an inner membrane which overlays the nuclear membrane. Within the two membranes there is a space containing the hydrolytic enzymes. The AR is calcium dependent process based on multiple fusions of the outer membrane and the plasma membrane as well as the interaction between a pair of proteins called SNAREs (soluble NSF attachment protein receptors) (Kierszenbaum, 2000). The patches formed allow the highly fusible inner acrosomal membrane to be exposed at the same time expelling enzymes including hyaluronidase and trypsin like proteases that are key to the digestion and penetration of the oocyte extracellular matrix (Harper et al., 2008). In mammals, there are two main areas of interest regarding the acrosome reaction (i) when does it occur? (ii) where does it occur? (Yanagimachi, 2011, Buffone et al., 2014) however, this remains controversial and has recently been reviewed (Okabe, 2014). Further to theories relating to cytoplasmic calcium, recent findings in human sperm suggest the existence of L-amino acid oxidase initiating sperm capacitation and acrosomal exocytosis in the presence or absence of progesterone (Houston et al., 2015) by activating adenylyl cyclase downstream in opening store-operated calcium channels during the swelling process (Sosa et al., 2016). In mammals, two sperm signalling pathways underpin exocytosis during the AR (Primakoff and Myles, 2002). After binding a GTP binding protein and phospholipase C (PLC) are activated, followed by elevation of intracytoplasmic calcium. On the other hand a transient influx of calcium takes place through low voltage T-type channels and their subtypes Cav3.2 (Stamboulian et al., 2004) a calcium store depletion pathway (O'Toole et al., 2000) and additional calcium entry occurs through the activation of Trp family of calcium channels (Jungnickel et al., 2001).
The binding of sperm with the oocyte begins in the primary form which involves species specific recognition of structures and molecules (Bi et al 2002).  Although the major structures involved in gamete binding are similar in sperm from different species, they are different in the oocytes: the vitelline layer in the sea urchin, chorion in the ascidans and zona pellucida (ZP) in most mammals (Tosti and Menezo, 2016). The gametes recognition mechanism in mammals is conserved and its foundation is a carbohydrate-protein interaction between sperm and oocyte. Oligosaccharides arranged on the outer structure of the oocyte envelope are recognised by complementary proteinaceous receptors on the sperm (Tosti and Menezo, 2016). Sperm hyaluronidases are suggested to play a key role in mammalian fertilisation and sperm specific SPAMI and HYAL5 hyaluronidase were suggested to be involved in sperm- ZP binding in the mouse. However, more recent studies show that hyaluronidases are not required for fertilisation, contradicting the theory that oligosaccharides are involved in gamete recognition mechanisms (Yoon et al., 2014).
 The mammalian ZP is elastic and formed of fibrils and filaments. The absence of ZP production causes infertility in females whereas removal of the ZP from virgin oocytes prevent species specific recognition in vitro (Wassarman and Litscher, 2008, Wassarman and Litscher, 2012). The functional region (ZP domain) is composed of three glycoproteins (ZP1, ZP2, ZP3) that are synthesis and secreted during oocyte growth and whose structure and function are species specific (Topfer-Petersen et al., 2000). Human ZP contains the additional ZP4 glycoprotein which is a prologue of ZP1. In the early 1980’s ZP3 was identified in mouse as the ‘primary receptor’ responsible for species specific sperm recognition and adhesion (Bleil and Wassarman, 1980). It was suggested that ZP1, ZP3 and ZP4 bind to capacitated human sperm and induce the AR, whereas ZP 2 only binds to acrosome-reacted spermatozoa and thus may only be considered a secondary sperm receptor (Gupta et al., 2012, Gupta, 2015) however, this has not been validated by in vitro studies and is still under speculation.
On the sperm surface galactosyltransferase (GalTase) which recognises ZP3 oligosaccharides and triggers the AR was recognised (Florman and Wassarman, 1985, Miller et al., 1992). In humans, a homolog to the PH-20 glycoprotein present on the head of guinea pig sperm was also found to play a role in sperm ZP binding through hyaluronidase activity (Gmachl et al., 1993). SEDI has also been identified as being required for the adhesion of sperm to the oocyte coat which is secreted by the epididymal epithelium. Although ZP3 has been largely identified as being involved in sperm binding and induction of the AR, the nature of proteins that bind sperm are still controversial (Tosti and Menezo, 2016).
[bookmark: _Toc319648452][bookmark: _Toc373754497]1.4 Infertility
Over the last few decades, the average number of children born to each woman has been decreasing in the western world and this is partly due to changes in the behaviour of couples (Ehrlich, 2015). Starting a family is in competition with career development and couples are waiting longer for financial security, professional stability and thus the mean age at first birth has increased by 2-4 years in the last 30-40 years (Sobotka, 2004). Postponing having a child can result in infertility as ovarian reserve and overall fertility decline at an exponential rate (Klein and Sauer, 2001). Furthermore, the later childbearing is left, the increase risk of infertility due to obesity, sexually transmitted diseases, environmental exposure to endocrine disrupting chemicals, often associated with poor semen quality and adverse reproductive outcomes (Carlsen et al., 1992, Swan et al., 2000, Meeker et al., 2010, Ehrlich et al., 2012). Unfortunately, humans have surprisingly poor fertility compared to other animal species (Sharpe, 2012). Infertility is diagnosed when a couple has regular unprotected intercourse for at least one year without being able to conceive (WHO 2011). Infertility remains a significant global health condition worldwide and is estimated to affect between 8 and 12% of the population at reproductive age (Ombelet et al., 2008), with 9% predicted as the global average (Boivin et al., 2007). This figure also increases with increasing age (Tvrda et al., 2015). In certain regions of the world, infertility rates are much higher, reaching approximately 30% in regions such as South Asia, sub-Saharan Africa, The Middle East and North Africa, Central and Eastern Europe and Central Asia (Mascarenhas et al., 2012).
[bookmark: _Toc319648453][bookmark: _Toc373754498]1.4.1 Male Infertility
In 20% of cases of infertility, the male factor is solely responsible for reproductive failure, and it partially contributes to an additional 30% of infertile couples (Honig et al., 1994, Walsh, 2011, Walsh et al., 2009). Despite technical advances in the field of reproductive biology, the cause of male infertility remains unknown in 25% of cases (Jung and Seo, 2014). Genetic abnormalities account for approximately 15% of all causes for male infertility and despite decades of improvements in diagnostics, the etiological factors for male fertility remain obscure. Male infertility can be classified into idiopathic male infertility, where there is a reduction in quality of semen, and unexplained infertility where semen parameters remain in a normal range but the infertility’s origin is unknown (Sabanegh, 2012). Without the knowledge of what is causing idiopathic and unexplained fertility, treatments cannot be developed (Ko et al., 2012). 

Over the past 35 years, the treatment of infertility has witnessed the development of revolutionary new assisted reproductive technologies including IVF and ICSI (Alukal and Lamb, 2008). These technologies are being used with increasing frequency by couples globally (Alukal and Lamb, 2008). In 2010, over 23,000 cycles of ICSI and 21,000 cycles of IVF were performed in the UK with 2.2% of national births being assisted reproductive techniques (ART) infants (Kupka et al., 2014). Unlike the majority of therapeutic procedures in medicine, the assisted reproductive technologies never underwent rigorous safety testing before clinical use (Alukal and Lamb, 2008). Modern ART such as Intracytoplasmic sperm injection (ICSI) allow embryologists to bypass the need for sperm motility however, the cause of the infertility remains unknown. Furthermore, it is too early to report the long term affects of the use of IVF and ICSI to the human population and success rates using these methods still remains at just over 30%.

These technologies are designed to overcome infertility phenotypes that may possess a genetic basis and therefore, unwanted genetic traits may be transmitted to offspring. Therefore, many couples currently undergo fertility treatment without understanding the basis of their infertility and the potential long-term risks for their offspring (Alukal and Lamb, 2008). This is where an understanding of the cause of male infertility or an improved method of sperm selection, to ensure the highest quality functioning sperm are used in ART is needed to reduce the long term risks to offspring and help couples make an informed decision regarding the use of ART.
[bookmark: _Toc319648454]1.4.1.1 Causes
[bookmark: _Toc319648455]1.4.1.1.1 Pre-testicular causes
The most common pre-testicular causes of male infertility relate to genetic abnormalities in the male. These include conditions such as Klinefelters sundrome and Y microdeletions which cause oligozoospermia and azoospermia  (Bar et al., 2014, Yuen et al., 2014). Other conditions include Hypogonadotrophic hypogonadism (HH) in which the male testis produce little or no testosterone, resulting in infertility due to oligozoospermia (Krausz, 2011). This is caused by a lack of hormones that usually stimulate the testes including gonadotropin releasing hormone (GnRH), Follicle-Stimulating Hormone (FSH and Luteinising Hormone (LH) (Figure 1.8). HH can be caused by genetic abnormalities (Seminara et al., 2000), including the inheritable form of HH called Kallmann syndrome, damage to the pituitary gland or hypothalamus (from surgery, injury, tumours, infection or radiation), severe stress, nutritional problems or chronic inflammation or infections. (Krausz, 2011). There has also been research into the affect of maternal lifestyle choices around conception and whilst pregnant that may affect the later fertility of a male foetus. For example, exposure of the foetus to gonadotoxic agents (e.g. cigarette smoking during pregnancy) was suggested to reduce the adult semen quality of sons born (Sharpe, 2010, Ramlau-Hansen et al., 2007, Sobinoff et al., 2014). 
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1.4.1.1.2 Testicular causes
Testicular causes are associated with the structures within the testicles such as the epididymis, sertoli cells or conditions that have may have affected functioning of these. Varicocele is a condition defined by abnormal dilation of the pampiniform plexus, a network of small veins found in the human male spermatic cord and characterised by retrograde venous flow (Zini and Boman, 2009, Forti and Krausz, 1998, Forti et al., 2003).  It occurs in approximately 15% of the adult population (Forti et al., 2003, Canales et al., 2005, Cayan and Woodhouse, 2007) however, its affect on male fertility is somewhat disputed given that 10% of men with normozoospermic ejaculates have varicocele (Krausz, 2011). The affect on fertility is largely dependent on the grade of the varicocele. However, WHO data indicates that a minor cause of infertility such as a varicocele is more likely to manifest in couples where the female partner also suffers a reduced fertility (WHO., 1987). Crytorchidism is defined as the absence of one or both testicles from the scrotum.  It is the most common congenital birth defect in male children and can occur as an isolated condition or alongside other congenital abnormalities (Main et al., 2010). The incidence is 2-9% at birth and decreases to 1-2% by 3 months of age due to delayed spontaneous decent (Virtanen and Toppari, 2008, Wohlfahrt-Veje et al., 2009). However, it can also be an acquired disorder diagnosed during infancy and childhood.  Acquired cryptorchidism has a higher incidence in the UK (7%) compared to the congenital form (5.7%) (Wohlfahrt-Veje et al., 2009, Villumse.Al and Zachauch.B, 1966). Klinefelter syndrome is a well known example of numerical aneuploidy chromosomal disorderwhere mosiacism is common (Bojesen and Gravholt, 2007). Klinefelter syndrome (47XXY) has a prevalence of 1:600 males (Hotaling and Carrell, 2014) and its the most common genetic cause of male infertility and primary testicular failure (Bar et al., 2014).  Expression is diverse however, males tend to have small testes and significantly elevated FSH and LH (Hotaling and Carrell, 2014).

Chromosomal abnormalities occur mainly during meiosis (Martin, 2008) with impaired sperm production associated with high frequency of numerical and structural chromosomopathies (Vincent et al., 2002). Patients with less than 10 million spermatozoa/ml show 10 times higher incidence (4%) of chromosomal abnormality compared to the general population. In patients with severe oligozoospermia (<5 million spermatozoa per ml) the incidence increases to 7-8%, and in non-obstructive azoospermic men, it peaks at 15-16% (Vincent et al., 2002). 
[bookmark: _Toc319648456]1.4.1.1.3 Post-testicular causes
Post testicular causes of male infertility include obstruction of the seminal tract (distal or proximal), infections, inflammation of accessory organs and autoimmune conditions. Infection can be bacterial or viral. Bacterial infections include Chlamydia trachomatis which has been suggested to reduce semen quality (Custo et al., 1989, Wolff et al., 1991, Witkin et al., 1995, Cengiz et al., 1997, Al-Mously et al., 2009). Contrary to this, others have suggested that it has no association with poor semen quality (Gregoriou et al., 1989, Nagy et al., 1989, Eggertkruse et al., 1990, EggertKruse et al., 1996, EggertKruse et al., 1997, Soffer et al., 1990, Dieterle et al., 1995, Weidner et al., 1996, Habermann and Krause, 1999, Hosseinzadeh et al., 2004). Furthermore, viral infections such as human immunodeficiency virus, hepatitis C and B virus infection have also been found to significantly reduce concentration, motility and viability in infected men compared to healthy controls (Lorusso et al., 2010). On the other hand, when considering overall male infertility, ejaculatory duct obstruction is diagnosed in only 1-5% of patients (Pryor and Hendry, 1991, Porch, 1978). Therefore, its overall contribution to the causes of male infertility is small. 

The UK National Institute for Clinical Excellence (NICE) suggests that clinicians consider five modifiable lifestyle factors considered to increase the risk of poor semen quality (O'Flynn, 2014). These include excessive alcohol intake, cigarette smoking, the wearing of tight underwear, having a BMI of >29 and the use of recreational drugs.  Overall, research into the affect of lifestyle factors (Povey et al., 2012) and occupation (Cherry et al., 2008) on poor motile sperm concentrations implies that men can make few changes to improve the quality of their semen (Pacey et al., 2014).

Other pre-testicular causes arise in the form of coital disorders such as erectile dysfunction and ejaculatory disorders. Ejaculatory disorders interfere with the delivery of sperm to the female genital tract.  Although they are rare causes of male sub-fertility, in a multinational survey of over 11 000 men, capable of achieving erections, 30.1%, 54.9% and 74.3% reported ejaculatory problems aged 50-59, 60-69, and 70-80 years respectively (Rosen et al., 2003). There are two phases of ejaculation (i) emission and (ii) expulsion. During the expulsive phase, the bladder neck must close to prevent the reflux of the semen into the bladder as pressure in the urethra increases (Jefferys et al., 2012). Retrograde ejaculation (RE) occurs when the bladder neck fails to close resulting in a reflux of semen into the bladder. RE accounts for only 0.3-2% of male infertility (Yavetz et al., 1994, Vernon et al., 1988). 
[bookmark: _Toc319648457][bookmark: _Toc373754499]1.5 Traditional semen analysis
Conventional semen analysis has been the main laboratory test of male fertility for at least 50 years (Natali and Turek, 2011). Routine semen analysis is the first laboratory test a clinician will advise after completing a detailed medical history and physical examination of the male partner. Prospective studies (Bonde et al., 1998, Zinaman et al., 2000, Louis et al., 2014) in couples who stopped the use of contraceptive suggest that sperm count, total sperm number, and percentage morphologically normal spermatozoa can predict time-to-pregnancy, which is a marker of fecundity. Furthermore, if a semen analysis is abnormal, it has been found to correlate with a lower probability of natural conception (WHO, 2010), although this is not a true measure of fertility (Natali and Turek, 2011). Global standardisation of routine semen analysis (semen volume, sperm count, motility and morphology) and the reference ranges used for diagnosis has been conducted by the World Heath Organisation (WHO 2010), whom created the internationally agreed ‘reference range’ designed to assist clinicians in making decisions using data on semen quality (WHO, 2010). Over the past 30 years, four updates have been published however; issues have been raised regarding the accuracy of traditional semen analysis. There was concern over significant variation in the use of semen analysis in different laboratories. This was supported by studies in the UK (Matson, 1995, Riddell et al., 2005) and USA (Keel et al., 2002) which led to the development of training programs and external quality assurance programs in Andrology (Bjorndahl et al., 2002, Franken et al., 2010, Franken and Kruger, 2006, Pacey, 2006, Pacey, 2010). International and national societies of Andrology, reproductive medicine, human reproduction and pathology have contributed further by training technologists in the standardised methods of routine semen analysis.  However, despite all of this, the use of these parameters cannot precisely and accurately predict the fertility of a man (Wang and Swerdloff, 2014). This is because there are a host of other factors in addition to sperm and semen quality that contribute to the ability of sperm to fertilise an oocyte. Semen analysis is now considered as a limited method of defining a man’s fertility by providing nothing more than a visual description of an ejaculate. As a consequence, more sophisticated tests of sperm function have been developed in an attempt to improve male fertility diagnosis.
[bookmark: _Toc319648458][bookmark: _Toc373754500]1.6 Sperm function tests
Due to the limitations of current semen analysis, the development of more sophisticated tests of sperm function have been explored.  Many are based on key steps in the process of spermatozoa’s passage through the female reproductive tract and their interaction with the oocyte during fertilisation. 
[bookmark: _Toc319648459][bookmark: _Toc373754501]1.6.1 Acrosomal Integrity
As described in section 1.1.2.1 the acrosome is situated on the anterior half of the head in spermatozoa and releases proteolytic enzymes at the time of fertilisation, which digest through the zona pellucida, allowing sperm oolemma fusion (also see section 1.3.7). Acrosomal abnormalities (such as round headed sperm that do not possess an acrosome) have been shown to lack ability to bind or penetrate to the zona pellucida (Vonbernhardi et al., 1990). Often the acrosomal integrity can be assessed using staining with fluorescent lectins that bind to either the outer membrane or acrosomal contents (Aitken, 2006). This has been associated with predicting fertilisation potential of human spermatozoa in vitro (Cummins et al., 1991). Acrosomal enzymatic release can be induced using ionophore A23187, progesterone and the human zona pellucida, and the proportion of reacted spermatozoa recorded (Brucker and Lipford, 1995). Meta analysis of tests of sperm acrosome reaction using human zona suggest that there is a high predictive power of the induced acrosome reaction tests for the predication of fertilisation (Schuffner et al., 2002). Testing of acrosomal integrity may be used in evaluation of men following IVF failure. As a sperm function test, in reality they give little information regarding the cause of failed acrosome reaction and once again give a simple descriptive explanation to the cause of male infertility with no detailed molecular level explanation.
[bookmark: _Toc319648460][bookmark: _Toc373754502]1.6.2 Sperm zona pellucida binding tests
Spermatozoa binding to the zona pellucida stimulates the acrosome reaction (Oehninger et al., 2013). The most common causes of IVF failure are defects in binding and penetration of the zona pellucida (Liu and Baker, 2003, Liu and Baker, 2000). The interaction of sperm and the zona pellucida (ZP) is a vital event resulting in fertilisation and is indicative of sperm function (i.e. completion of capacitation and ligand- induced acrosome reaction) (Oehninger et al., 1992b, Oehninger et al., 1992a, Oehninger, 2000, Oehninger, 2001, Liu and Baker, 1992). The two most common sperm-ZP binding tests are the hemizona assay (HZA) (Burkman et al., 1988) and a competitive intact zona sperm-binding test (Liu et al., 1988). They may differ in methodology but they both assess the binding of the sperm to the ZP and have shown high predictive value for the outcome of fertilisation in vitro (Oehninger, 2000, ESHRE, 1996, Liu et al., 2004).

The hemizona assay uses human oocytes from which the zona pellucida is isolated and divided in half. One half is incubated with healthy fertile donor spermatozoa whilst the other is incubated with patient spermatozoa.  The binding of healthy donor sperm and the binding of patient sperm is quantified and a ratio comparing the two calculated, with prospective studies reporting a cut off value of 35% as predictive of IVF outcome (Oehninger et al., 1989, Franken et al., 1993, Franken and Oehninger, 2006). Sperm ZP binding tests are useful sperm function tests and are most suitable for counselling couples during ART when considering therapeutic methods such as Inter uterine injection (IUI) vs ICSI. Therefore, it may help couples financially when deciding on the suitability of ART therapies, but it is not widely used in routine assessment of sperm function.
[bookmark: _Toc319648461][bookmark: _Toc373754503]1.6.3 Sperm penetration assay
The sperm penetration assay also known as the zona free hamster oocyte penetration assay is the most sensitive measures of sperm function available (Aitken, 2006). It tests the spermatozoa’s ability to undergo capacitation, acrosome reaction, fusion and penetration through the oolema as described in section 1.3.7 and decondensation within the cytoplasma of the oocyte.  For this test, the zona pellucida is removed from a hamster oocyte, which is then incubated with human spermatozoa. The spermatozoa then fuse with the hamster ova.  The assay is scored by calculating the percentage of ova that are penetrated by sperm, or the average number of sperm penetrations per ovum.  This tests has been shown to positively correlate with IVF fertilisation rates (Freeman et al., 2001, Soffer et al., 1992, Aitken et al., 1987) and pregnancy in males with unexplained infertility (Aitken et al., 1991). Reproducibility of this assay and standardisation of methodologies between laboratories is low (Vogiatzi et al., 2013). Furthermore, this procedure is less efficient than the biological process in vivo, and may involve different mechanisms, false negative results (sperm from males that fail the SPA but successfully fertilise in vivo and in vitro) have frequently been recorded (Oehninger et al., 2014). Meta analysis have shown a poor clinical value of SPA as a predictor of fertilisation after assessment of nearly 3,000 cycles (Oehninger et al., 2000). Furthermore its expensive and time consuming and therefore its use to evaluate fertility potential is not recommended (Oehninger et al., 2014).
[bookmark: _Toc319648462][bookmark: _Toc373754504]1.6.4 Reactive oxygen species
To test oxidative stress to spermatozoa direct assays such as chemiluminescence, nitro blue tetrazolium test, cytochrome C reduction test, flow cytometry, electron spin resonance and xylenol orange based assay, have been developed (Hwang et al., 2011). Direct ROS assays measure the net oxidative imbalance between ROS production and the antioxidant concentration in semen by measuring the amount of oxidation in the sperm cell membrane (Agarwal et al., 2014). There are also indirect assays which measure the downstream effect of ROS on spermatozoa such as DNA damage or lipid peroxidation levels (Agarwal et al., 2014). These tests include myleperoxidase or Endtz test, redox potential, and DNA damage testing.
Reactive oxygen species (ROS) is associated with causing oxidative stress correlated with impaired sperm function (Agarwal et al., 2003). Human spermatozoa are particularly sensitive to ROS due to the DNA being highly condensed within the sperm head and no other cellular barrier as protection (Aitken et al., 1989). Low levels of ROS are necessary for human spermatozoa capacitation (Aitken et al., 1998) however, excessive levels have been suggested to spermatozoa cell membrane lipid peroxidation, decreased sperm motility, impaired DNA integrity and reduced spontaneous pregnancy rates and fertilising potential in vivo and in vitro (Agarwal et al., 2003, Lewis and Aitken, 2005). Furthermore, ROS induced DNA damage may increase germ cell apoptosis causing lowered sperm counts (Agarwal et al., 2003). High levels of ROS have been detected in 25-40% of infertile men (Agarwal et al., 2003) however, the overall contribution of ROS to infertility remains debatable.

Direct assays have limited widespread clinical application due to cost and practicality issues (Agarwal et al., 2014). Furthermore, undertaking total antioxidant capacity (TAC) as part of routine andrology is not justified by lack of evaluation of a proven benefit, practicality and cost in comparison to routine semen analysis (Agarwal et al., 2014). There is also an absence of standardised protocols to assess seminal oxidants (Agarwal et al., 2014). Currently, no publications recommend against the use of ROS testing however, the American Urologic Association Best Practices Statement on evaluating the infertile couple does not support the use of ROS testing routinely in infertility assessment. Oxidative stress has been shown to cause DNA damage in human spermatozoa reducing fertilisation potential and DNA integrity (Aitken et al., 2014). Therefore, tests of sperm DNA damage have also been developed to measure the effect of ROS on sperm DNA and the implications of potential damage on male fertility.
[bookmark: _Toc319648463][bookmark: _Toc373754505]1.6.5 Tests of sperm DNA damage
More recently, as sperm function tests advance, tests of sperm DNA damage have been used in the evaluation of the infertile male in an attempt to increase accuracy compared to standard sperm parameters alone (Zini et al., 2014). The aetiology of sperm DNA damage is likely to be of multiple causes. Human sperm DNA damage may be caused be primary causes such as defects in spermatogenesis or caused by secondary factors causing testicular or post testicular injury (e.g. gonadotoxins, hyperthermia, oxidants, endocrine abnormalities) (Zini et al., 2014).
Research suggests that there is a threshold of sperm DNA damage beyond which, pregnancy rates and embryo development are reduced (Cho et al., 2003, Evenson et al., 1999) and poorer outcomes after IUI (Bungum et al., 2007, Duran et al., 2002). Studies also show that the spermatozoa of infertile men possess high levels of DNA damage compared to fertile men (Evenson et al., 1999, Zini et al., 2001). DNA damage in men is associated with poor semen quality, impaired pre-implantation development, increased abortion and increased incidence of disease in the offspring, including childhood cancer (Lewis and Aitken, 2005). There are a large number of tests that have been developed to test DNA damage (Delbes et al., 2010, Zini, 2011). The most popular include the sperm chromatin structure assay (SCSA), the COMET assay (single- cell gel electrophoresis) and the TUNEL assay (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate dUTP nick end labelling). Although there is a vast amount of research investigating the relationship between sperm DNA damage and pregnancy rates and progeny outcome, its use in assessment of a mans fertility potential has met resistance (Zini et al., 2014). Reasons for this include a lack of interventions from the results of the test, other than antioxidant supplementations all current DNA damage tests require destruction of the patient’s spermatozoa. Furthermore, there is a lack of standardised protocols, there is unknown precision regarding reproducibility and repeatability of the various assays and thresholds have not yet been validated (Practice Committee of the American Society for Reproductive, 2013, 2015). However, data suggests that DNA damage does not impact the fertilisation rate or pregnancy outcome after ICSI (Bungum et al., 2007, Zini et al., 2005, Benchaib et al., 2007).
[bookmark: _Toc319648464][bookmark: _Toc373754506]1.7 Sperm metabolomics 
Conventional semen analysis has been the main laboratory test of male fertility for at lest 50 years (Natali and Turek, 2011). Studies have shown that sperm count, total sperm number and percentage morpholically normal spermatozoa can predict time to pregnancy, and this is a marker of fecundity (Bonde et al., 1998, Zinaman et al., 2000, Dacheux and Dacheux, 2014). However, conventional semen analysis has come under scrutiny regarding its global standardisation across laboratories in the UK (Matson, 1995, Riddell et al., 2005) and USA (Keel et al., 2002). Despite all of this, it remains the routine method of assessment of male fertility in clinics worldwide. This is due to the pitfalls of advance sperm function tests that have been developed, but never routinely used in clinics. Therefore, there is still a need for the development of a sperm function test, suited to routine clinical practice. Many of the tests discussed above have considered aspects of sperm function related to their journey through the female reproductive tract and the interactions with the female gametes. Sperm metabolomics is an avenue that requires further exploration and offers information regarding the real time function of a sperm in relation to its environment and its consequence for male fertility. 

Recent metabolomics research have allowed extremely detailed characterisations of the complex molecular composition of distinct cells, tissues and organisms (Smith et al., 2014). The identification of metabolites and proteins as downstream products from the expression of genomes and transcriptomes that have been potentially exposed to environmental cues is significant.  This is because it is the first step in understanding the normal composition and physiology of cells and tissues and the dysfunction associated with pathological states (Jodar et al., 2012, Wishart et al., 2013, Castillo et al., 2014a, Castillo et al., 2014b). Proteomics has been been successful in studying human spermatozoa. Over 6000 proteins have been identified using mass spectrometry (MS), representing approximately 80% of the proteome of this cell (Oliva and Martinez-Heredia, 2008, Oliva et al., 2009, Amaral et al., 2013, Amaral et al., 2014, Baker et al., 2013, Azpiazu et al., 2014). On the other hand, significantly fewer metabolites (approximately 20) have been identified in sperm from different model species (Oliva et al., 1982, Patel et al., 1999, Dreann et al., 2000, Jones and Bubb, 2000, Marin et al., 2003, Hung et al., 2009, Lin et al., 2009). Reasons for identification of such a low number are probably because there are naturally fewer metabolites compared to proteins in cells (Kouskoumvekaki and Panagiotou, 2011, Wishart et al., 2013). Furthermore, it has been suggested that the full potential of the current metabolomics techniques has not ben applied to the study of the sperm metabolome (Kovac et al., 2013).
For historical reasons, the most commonly used technique for metabolic study has been Nuclear Magnetic resonance (NMR) (Nicholson et al., 2002, Courant et al., 2013). An in detailed description of this technique, its applications and previous use in the study of sperm metabolites is discussed next.
[bookmark: _Toc319648465][bookmark: _Toc373754507]1.8 Nuclear Magnetic Resonance 
[bookmark: _Toc319648466][bookmark: _Toc373754508]1.8.1 Overview
Nuclear Magnetic Resonance (NMR) was independently developed in 1946 by Felix Bloch and Edward Purcell and since has seen unparalleled growth as an analytical tool in chemistry, biology, medicine, materials science and geology (Claridge, 2009). NMR has been identified as an important diagnostic technique when investigating many health problems (Lynch et al., 1994).
[bookmark: _Toc319648467][bookmark: _Toc373754509]1.8.2 Clinical applications
NMR was first used to scan an entire human body to identify tumours in 1971 (Damadian, 1971) and is now regarded as the principle structural technique of the research chemist (Claridge, 2009).1H NMR has been used extensively in the clinical setting in analysing the biochemistry of tissue samples including kidney (Moka et al., 1997), adipose tissue (Moka et al., 1998) red blood cells (Humpfer et al., 1997), prostate (Tomlins et al., 1998a) and brain tissue (Cheng et al., 1997). 1H NMR has now been acknowledged as a global approach to identifying metabolites and thus gaining an insight into the metabolism of a cell (Cudalbu et al., 2012). So far the method has enabled the identification of a number of mechanisms of disease including Huntington’s disease (Jenkins et al., 1993), liver trauma (Ranjan et al., 2006) and urinary tract infection (Gupta et al., 2006) allowing biochemical analysis using NMR spectroscopy.  
[bookmark: _Toc319648468][bookmark: _Toc373754510]1.8.3 Nuclear spin and resonance
One of the key principles of NMR is nuclear spin (Figure 1.9). Atoms such as carbon-12 would be of great interest to organic chemists however, they unfortunately have nuclear spin of zero. This is because nuclear spin arises due to an odd number of protons or neutrons within the nucleus of an atom and carbon 12 has an equal number. Therefore, carbon-12 is considered NMR silent because nuclear spin is fundamental to detectability using NMR (Tognarelli et al., 2015). In contrast, alternative isotopes of elements such as carbon-13 are NMR active due to an odd number of protons and neutrons within the nucleus. Therefore, they can be substituted for carbon-12 when using NMR analysis. The nuclei are positively charged and therefore charge forms around them. This charge and the nuclear spin form a magnetic moment (Hore et al., 2000). Therefore NMR active elements are mini magnets themselves (Figure 1.9). When placed in an external, static magnetic field (B0), these microscopic magnetic moments align themselves with the static magnetic field in a discrete number of orientations. This external static magnet imposes a torque on the microscopic magnetic moment of the atoms, which traces a circular path about the applied field (Figure 1.9). This motion is referred to as precession or more specifically Larmor precession (Hore et al., 2000). It is comparable to the way in which the gyroscope spins about its own axis and this axis in turn precesses about the direction of the gravitational field. NMR occurs when the nucleus of the atom changes spin state, caused by the absorption of a 
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quantum of energy. This energy is applied as electromagnetic radiation whose frequency must match that of the Larmor precession of the atoms (Claridge, 2009).
[bookmark: _Toc373754511]1.8.4 The vector model of NMR
As previously described, each nucleus has nuclear spin and thus generates a weak magnetic field, which surrounds them. This magnetic field, created by the nuclear spin, interacts with the magnetic field applied when the sample is loaded into the scanner (Figure 1.10a-c)(Keeler, 2005). It is important to clarify that what is observed is the average behaviour of a large number of spins, if you consider that the sample is made up of many nuclei of individual atoms (Figure 1.10a). This is the bulk magnetisation (Figure 10c), which is the basis for the vector model of NMR (Keeler, 2005).

When the sample is placed in the scanner, the individual spins are all pointing in random directions within the sample (Figure 1.10a). After a few seconds, a Boltzman distribution will occur in that there will be a small preference for nuclear spins to be in a low energy state rather than a high-energy state (Figure 1.10c). Low energy spins are close to the z+ axis (Figure 10f) whilst high-energy spins are closer to the z-axis (Figure 1.10f).  Therefore, bulk magnetisation forms along the z+ axis. However, this bulk magnetisation is non-observable. To observe this magnetisation, it must be moved away from the z-axis. When the magnetisation is taken away from the z-axis it precesses about the z-axis (Figure 1.10g), going round and round on a cone. This precession is equal to the Larmor frequency and is now detectable (Keeler, 2005). 

Detection of this precession is achieved through the coil wrapped around the x- axis (the radiofrequency (rf) coils described in section 1.8.5). The magnetisation vector cuts through the coil and this induces a current in the coil, which can be detected in the NMR experiment (Figure 1.10h). To move the bulk magnetisation away from the z-axis, we apply a weak magnetic field along the x-axis, which oscillates at the Larmor frequency. This phenomenon is called resonance (Keeler, 2005). 
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[bookmark: _Toc319648470][bookmark: _Toc373754512]1.8.5 Radiofrequency pulse and relaxation
The radiofrequency pulse (rf) supplies the electromagnetic radiation to the sample to induce NMR. The pulse simply refers to turning on the radiofrequency irradiation for a defined amplitude and time period, before switching it off. 

The radiofrequency electromagnetic field imposes a torque on the bulk magnetisation vector, which rotates the vector from the z axis towards the x-y plane (Figure 1.11). The rate at which the vector moves is proportional to the strength of the radiofrequency field and therefore the angle through which the vector turns, frequently termed the flip or pulse angle, will be dependent on the amplitude and duration of the pulse (Claridge, 2009).

If the rf was turned off just as the vector reached the y axis, this would be a 90° pulse (Figure 1.11a). If the rf pulse continued until the vector reached the z axis, it would be a 180° pulse (Figure 1.11b). As the vector starts to precess about the z-axis, at its Larmor frequency, it produces a weak oscillating voltage in the coil that surround the sample, in a similar way to how the rotating magnet in a dynamo induces a voltage in the coils that surround it. These are the electrical signals that we detect and gives us the observed NMR signal. However, naturally magnetisation in the x-y plane corresponds to a deviation from the equilibrium and so the transverse vector will gradually disappear and simultaneously grow along the z-axis. This return to equilibrium is called relaxation determining the observed NMR signal, which decays over time (Free Induction Decay (FID)) (Figure 1.12) (Claridge, 2009).

There are two types of relaxation associated with NMR. T1 relaxation or longitudinal relaxation refers to relaxation of nuclear spins in the z direction. This involves the re-establishment of the distribution of spin states in the magnetic field. T2 relaxation refers to the loss of phase coherence between nuclei. T2 is less than or equal to T1 because the return of the bulk magnetisation to the z-direction inevitably causes loss of magnetisation in the x-y plane. Relaxation is important as T1 governs the minimum repetition rate during NMR acquisition for quantitative data. A short T1 means that the magnetisation recovers more rapidly and therefore the spectrum can be acquired in less time (Tognarelli et al., 2015).
[image: Macintosh HD:Users:jackpearson:Desktop:Intro Figures Apr 17 v1:Slide11.jpg]

[image: Macintosh HD:Users:jackpearson:Desktop:Intro land figures Apr 17 v1:Slide2.jpg]

[bookmark: _Toc319648471][bookmark: _Toc373754513]1.8.6 Chemical shift
The electron density surrounding each nucleus in a molecule varies according to the type of nuclei and bonds in the molecule. The electrons oppose the external 
magnetic field and thus the effective field at each nucleus will therefore vary. This is called the chemical shift (Harwood and Claridge, 1996). Each atom will behave uniquely when analysed using NMR depending on its molecular bonding. Therefore, different compounds can be identified simultaneously as each atom gives a unique signal during NMR depending on its molecular structure. Furthermore, the chemical shift range for 13C NMR is twenty times larger than 1H NMR allowing molecular groups to be more readily resolved (Harwood and Claridge, 1996).
[bookmark: _Toc319648472][bookmark: _Toc373754514]1.8.7 Coupling
Nuclei that experience different magnetic environments or have different chemical shifts are termed non-equivalent. Atomic nuclei that are close to one another exert an influence on each other’s effective magnetic field. This effect is apparent on an NMR spectrum when nuclei are non-equivalent. This effect is a through bond mediated effect and is not influenced by the magnetic field operated within. If the distance between non-equivalent nuclei is less than or equal to three bond lengths, spin-spin coupling or J coupling is observable (Claridge, 2009).  Overall this phenomenon explains why we can see two or more peaks corresponding to the same compound within a sample. For example two peaks appear for lactate at different chemical shifts when using 1H NMR at 1.3 and 4.1ppm (Figure 1.13). In lactate there are many protons present and they exert an influence on each other over 3 bonds. In lactate the peak at 1.3ppm is a doublet due to the presence of a single proton from the resonance at 4.1ppm. Furthermore the peak at 4.1ppm is a quartet due to the presence of three protons on the methyl groups resonating at 1.3ppm.
[bookmark: _Toc319648473][bookmark: _Toc373754515]1.8.8 Sensitivity, signal to noise
The sensitivity of an NMR spectrometer is a measure of the minimum number of spins detectable by the spectrometer. The signal to noise ratio is the ratio between the amount of signal given by atoms within a molecule and the background signal detected from the surrounding environment.  The intensity of the signal detected is proportional to the number of spins in the sample and therefore the quantity of the 
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molecule in the sample (Claridge, 2009). The gyromagnetic constant γ determines the energy difference ΔΕ between two spin states. Nuclei that have a larger gyromagnetic ratio are more sensitive to radiofrquency pulse emitted during NMR. The gyromagnetic ratio of the proton (1H) nucleus is four times greater than that of the carbon. However, 13C has 1% natural abundance and therefore less spins observable using NMR. Consequently carbon NMR is almost 6000 times less sensitive in comparison to proton NMR, hence the use of isotopically labelled 13C in many NMR experiments (Clendinen et al., 2015).
[bookmark: _Toc319648474][bookmark: _Toc373754516]1.8.9 NMR nuclei
[bookmark: _Toc319648475]1.8.9.1 Proton (1H) NMR
1H NMR has been used extensively in the clinical setting in analysing the biochemistry of tissue samples including kidney (Moka et al., 1997), adipose tissue (Moka et al., 1998) red blood cells (Humpfer et al., 1997), prostate (Tomlins et al., 1998a) and brain tissue (Cheng et al., 1997). Therefore it has a high reputation in the clinical setting making it suitable for future sperm metabolomics studies.
[bookmark: _Toc319648476]1.8.9.1.1 Broadband NMR
The broadband probe is the probe of choice for the majority of NMR experiments. This is because it operates over a wide frequency range and therefore induces NMR in a variety of compounds allowing detection of a broad spectrum of nuclei and thus metabolites. Broadband NMR is simple and minimal preparation of the sample is required. As a consequence, it has been widely used in previous metabolic research in a number of tissue types. The disadvantage of broadband NMR is the large sample volume required when compared to the Magic Angle Spinning probe discussed below. A minimum of 300μl is required, preferably 500 μl to fill the 5mm glass NMR tube sufficiently so that the sample volume lies within the range of the rf coils. Broadband NMR is also better suited to liquid samples as shimming (see section 2.7.1) becomes complex the less viscous the sample is.
[bookmark: _Toc319648477]1.8.9.1.2 Magic Angle Spinning (MAS) NMR
NMR of solid state samples is complicated for two reasons: (i) restricted motion of the analyte; and (ii) physical heterogeneity within the samples (Claridge, 2009). As described in section 1.8.4 each atomic nucleus acts as a mini magnet. In low viscosity solutions, the atoms are mobile and tumble which mean that dipolar couplings are averaged to zero. For solid-state samples, the restricted atomic nuclei results in residual dipolar couplings being reintroduced and as a consequence the NMR resonances will broaden, reducing the quality of the spectrum observed. To eliminate the negative effects of both restricted motion of the analyte and heterogeneity within solid-state samples, rapid rotation of the sample about the so call ‘magic angle’ Θ=54.7° is used (Figure 1.14). Magic Angle Spinning (MAS) has the potential to increase signal-to-noise 3x compared to conventional broadband NMR and at the same time uses 1/10 of the sample volume (Claridge, 2009).

Due to its success in producing high resolution spectra, MAS has been applied to study metabolomics of breast (DeFeo and Cheng, 2010, Bathen et al., 2010), colon (Chan et al., 2009), prostate (Burns et al., 2004), liver (Martinez-Granados et al., 2011) and lung (Rocha et al., 2010) tissue. Specifically in breast cancer tissue, multiple studies have gone further by investigating quantities of breast cancer metabolites in relation to clinical prognosis (Sitter et al., 2010) and using results from HR MAS to predict prognosis in cancer patients (Giskeodegard et al., 2010). This is a promising example of its clinical diagnostic potential.
[bookmark: _Toc319648478]1.8.9.2 Carbon (13C) NMR
Unfortunately the naturally abundant carbon-12 nucleus possesses a nuclear spin of zero, however, carbon-13 does due to the presence of an unpaired neutron.  Carbon-13 nuclei make up approximately 1% of carbon on Earth.  Therefore, carbon-13 NMR spectroscopy will have less sensitivity (reduced signal to noise ratio) than hydrogen spectroscopy (Clendinen et al., 2015). Advantages of 13C NMR are that no water signal is detected and that there is less signal overlap in comparison to 1H NMR due to the chemical shift range for 13C NMR being 20 times that of 1H NMR.  Furthermore, addition of isotopically labelled substrates to spermatozoa such as 13C pyruvate, would allow identification of the substrate of interest and its metabolic intermediates and end products without detection of any other substrates, intermediates or end products.  This would allow direct analysis and quantification of sperm 
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metabolism. This technique has been employed in mouse sperm to follow the utilisation of labelled substrates in real time (Odet et al., 2011).
[bookmark: _Toc319648479][bookmark: _Toc373754517]1.9 Cellular metabolism
The chemical reactions within a cell would usually take place at much higher temperatures outside the cell. This is achieved through the use of specialist biological enzymes which act as catalysts (Helmreich and Cori, 1965). Enzyme catalysed reactions are connected in series so that the product of one reaction becomes the substrate for the next. These interconnected processed often form a cycle, thus allowing cells to survive, grow and reproduce. Two streams of reactions occur in cells: (i) catabolism involving the breakdown of large molecules into smaller ones thus releasing useful energy for the cells; and (ii) anabolic pathways which use the small molecules and energy harnessed from catabolism to form other useful molecules. Together these two sets of pathways are referred to as metabolism (Lenzen, 2014) .
[bookmark: _Toc319648480][bookmark: _Toc373754518]1.9.1 Glycolysis
Glycolysis, Greek for the splitting of sugar, is a process where glucose, the most abundant monosaccharide in living systems, is converted into simpler products. This pathway is common in almost all cells, both prokaryotes and eukaryotes. In eukaryotes glycolysis takes place in the cytosol (Berg, 2002) and the process is likely to have evolved during the early history of life, before photosynthetic organisms introduced oxygen to the atmosphere (Lenzen, 2014). Glycolysis produces ATP without the involvement of molecular oxygen (O2 gas). During glycolysis, a glucose molecule with 6 carbon atoms is converted into two molecules of pyruvate, each with 3 carbons  in ten steps, each producing a sugar intermediate and each catalysed by a different enzyme (Figure 1.15). This reaction does not happen spontaneously and therefore 2 ATP molecules are required for every 4 produced, giving a net gain of just 2 ATP molecules per molecule of glucose. Although no oxygen is involved in glycolysis, oxidation occurs during the removal of two electrons by NAD+ producing NADH from some of the carbons derived in the glucose molecule. In aerobic circumstances, these NADH molecules donate their electrons to the electron transport chain (see section 1.9.2) and the NAD+ formed from this donation is used again for glycolysis (Pajor, 1999).
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[bookmark: _Toc319648481][bookmark: _Toc373754519]1.9.2 The Krebs cycle
In the early 19th century, biologists noticed that in the absence of oxygen, cells produce lactic acid (in muscle) or ethanol (in yeast) however, when oxygen is present they consume it and produce CO2 and H2O (Schroeder et al., 2009). This led to the discovery of the Krebs cycle in 1937 by Hans Krebs in Sheffield. The Krebs cycle accounts for approximately two thirds of the total oxidation of carbon compounds in most cells. It takes place inside the mitochondria in eukaryotic cells. During the Krebs cycle, the carbon atoms of the acetyl groups in acetyl CoA are completely oxidised. This happens in stages where the acetyl group is passed to a larger 4-carbon molecule, oxaloacetate to form a six carbon tricarboxylic acid (citric acid). The citric acid molecule is then gradually oxidised, and the energy from this oxidation to be harnessed to produce energy rich activated carrier molecules (Blomstrand et al., 1997) (Figure 1.16) Three molecules of NADH are produced for each turn of the Krebs cycle. One molecule of FADH2 (reduced flavin adenine dinucleotide) from FAD and one molecule of riboneucleoside triphosphate (GTP) from GDP. GTP is closely related to ATP and the transfer of its terminal phosphate group in each cycle produces one ATP molecule. The energy that is stored in the transferred electrons of NADH and FADH2 are then used for ATP production in oxidative phosphorylation (Blomstrand et al., 1997).
[bookmark: _Toc319648482][bookmark: _Toc373754520]1.9.3.Oxidative phosphorylation (OXPHOS) &The electron transport chain
NADH and FADH2 now transfer the electrons they have gained during the electron transport chain. As the electrons pass along the multiple electron acceptor and donor molecules, they fall into lower energy states (Figure 1.17). The energy yielded pumps H+ ions (protons) across the inner most mitochondrial compartment to the cytosol generating a gradient of H+ ions. This gradient provides a large amount of energy for the generation of ATP by the phosphorylation of ADP. (Alberts et al., 2015). This is the process of OXPHOS. At the end of the chain, the electrons are passed to molecules of oxygen gas, which combine with protons to produce water.
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Overall, the complete oxidation of a molecule of glucose to H2O and CO2 is used by the cell to produce 30 molecules of ATP compared to only 2 molecules of ATP produced per molecule of glucose by glycolysis (Alberts et al., 2015).
[bookmark: _Toc373754521]1.9.4 Sperm metabolism
As with all living cells, energy is required for development and function, spermatozoa included. Mammalian spermatozoa specifically rely on adenosine triophosphate (ATP) to maintain their intracellular environment (Mistro and Ramya., 2012) and for cellular processes such as motility, capacitation, hyperactivation and the acrosome reaction (Mannowetz et al., 2012, Mukai and Travis, 2012), all of which are key to normal fertilisation. ATP is formed from adenosine diphosphate (ADP) and thus the addition and removal of phosphate groups to ADP molecules forms the foundation of metabolism in all living cells (du Plessis et al., 2015). The pathway of energy production in spermatozoa has been investigated but still remains controversial. Rees et al (Rees et al., 1990). States that all mammalian sperm share the same structural issue in that ATP must be delivered long the entire length of the flagellum, which consequently means that they must utilise multiple metabolic pathways to generate it.

ATP is produced in spermatozoa via two main metaobolic pathways: (i) glycolysis and (ii) oxidative phosphorylation (OXPHOS). Glycolysis occurs in the head and principle piece (Figure 1.13) of the flagellum and OXPHOS occurs in the mitochondria. Glycolysis involves the breakdown of six carbon monosaccharides during a number of enzyme catalysed reactions that produces two molecules of the three carbon compound pyruvate (Figure 1.15). The net yield of glycolysis is two molecules of ATP per molecule of glucose oxidised. In subsequent reactions, pyruvate is further oxidised and the carbonyl group is lost to CO2 to produce the acetyl group of the acetyl-coenzyme A. The acetyl group is then completely oxidised to CO2 by the citric acid cycle (Figure 1.16). Electron donors, NADH and FADH2 are formed from glycolysis, fatty acid oxidation and the citric acid cycle and they are energy rich with a high electron transfer potential (du Plessis et al., 2015). In the following reactions, electrons are taken from NADH and FADH2 to O2 through protein complexes in the inner mitochondrial membrane. An uneven distribution of protons creates a proton- motive force as the electrons transfer. This leads to protons being pumped out f the mitochondrial matrix. ATP is synthesised when protons flow back into the mitochondrial matrix through the enzyme complex ATP synthase (Gnaiger, 2001, Erecinska and Wilson, 1977).

Oxidative phosphorylation is a more complex chain of reactions involving two components of the inner mitochondrial membrane: (i) the respiratory chain and (ii) ATP synthase (Piomboni et al., 2012). OXPHOS yields thirty molecules of ATP per molecule of oxidised glucose making it 15 times more efficient than glycolysis. The rate of OXPHOS is defined mainly by the availability of ADP (Erecinska and Wilson, 1977, Kim et al., 2007). Together the oxidation of glucose and the phosphorylation of ADP working alongside a proton gradient across the inner mitochondrial membrane are the foundations of generation of ATP.

Spermatozoa can survive purely on glycolytic energy (Spiropoulos et al., 2002) however, they do require OXPHOS for differentiation and maturation (Nakada et al., 2006, Ruiz-Pesini et al., 1998, Ford, 2006). However, sperm metabolism is not a one size fits all process as it is highly species specific (Storey, 2008). In support of this, various studies (Miki et al., 2004, Galantino-Homer et al., 2004) have shown that glycolysis is fundamental for fertilisation in mice, rat, hamster and humans spermatozoa, but not required in bovine sperm.

1.9.4.1 Site of ATP production via oxidative phosphorylation
Mitochondria are housed on the mitochondrial sheath located in the mid-piece region of the spermatozoa (Ramalho-Santos et al., 2009), occupying a major portion of the cellular volume (15%-22%) (Turner, 2003). Mature spermatozoa contain approximately 72-80 mitochondria, which are involved in major processes such as the acrosome reaction and oocyte penetration (Rajender et al., 2010). There are four sub compartments: (i) the outer mitochondrial membrane, (ii) inter membrane space, (iii) inner mitochondrial membrane and (iv) matrix bearing much resemblance to somatic cells but differing both morphologically and functionally (Ramalho-Santos et al., 2009, Ferramosca et al., 2012). They differ morphologically due to the tight wrapping of the mitochondria around the axoneme. Tight wrapping results in the formation of a mitochondrial capsume consisting of selenoprotein and disulphide bridges. This gives the mitochondrial sheath great stability (Storey, 2008, Ho and Suarez, 2003). The inner mitochondrial membrane is folded into structures called cristae which are the principle sites for OXPHOS and ATP generation. Sperm mitochondria contain specific isoforms of proteins and isoenzymes such as cytochrome C (Goldberg et al., 1977, Narisawa et al., 2002), hexokinase subunit VIb of the cytochrome C oxidase (Huttemann et al., 2003), and lactate dehydrogenase (LDH) (Blanco and Zinkham, 1963), all of which cannot be found in somatic cell mitochondria (30). 

1.9.4.2 Site of ATP production via glycolysis 
Because glycolysis has been found to be key in mammalian sperm energy production, an understanding of the site of its production is extremely important (Turner, 2006, Mukai and Okuno, 2004, Albarracin et al., 2004). The head and principle piece are devoid of any respiratory enzymes meaning that ATP production by glycolysis can only occur in these areas (Mishro and Ramya., 2012). Multiple glycolytic enzymes including hexokinase, phosphoglucokinase isomerase, phosphofructokinase, LDH and glyceraldehyde-3-phosphate dehydrogenase (GAP) have been identified in the fibrous sheath of spermatozoa (Kim et al., 2007, Westhoff and Kamp, 1997, Bradley et al., 1996, Mori et al., 1998, Bunch et al., 1998, Travis et al., 1998).

1.9.4.3 The use of ATP by spermatozoa
The journey of the spermatozoa to the site of fertilisation is a long one making mammalian fertilisation complex (Wassarman, 1999, Hunter, 2005). Significant processes such as motility, capacitation, hyperactivation and the acrosome reaction must occur in an orderly fashion (Hunter, 2005, Wassarman, 1999) all of which are energy dependent thus making energy production paramount in spermatozoa. 

1.9.4.4 ATP and sperm motility
Movement of the sperm flagellum constitutes more than 90% of the entire length of the mammalian spermatozoa (Rajender et al., 2010). Sperm motility has been defined as the result of ‘a propagation of transverse waves along the flagellum in a proximal- distal direction producing a hydrodynamic impulse that pushes the spermatozoon through the female genital tract towards the oocyte (Suarez and Ho, 2003). Spermatozoa are dependent on motility derived from ATP (Vigue et al., 1992) however, an understanding of how they are metabolically adapted to utilise ATP is less understood (Kamp et al., 2007). ATP is needed to support the structured movement of the central axoneme and the surround flagella pieces (Turner, 2003).

Mitochondria are not distributed along the entire length of the flagellum as they would interfere with flagella beating (Kamp et al., 2007). However, it is well known that mitochondrial ATP production is much more efficient raising questions as to whether ATP can diffuse rapidly enough along the entire length of the flagellum to support the energy requirements needed for fast beating activity. Research around this question remains contradictory. Biophysicists (Adam and Wei, 1975, Nevo and Rikmensp, 1970) have calculated the required rate of ATP diffusion to support motility in the spermatozoa of the sea urchin and bulls and have concluded that ATP diffusion is sufficient to maintain the beating frequency of the flagellum. Furthermore, mitochondrial membrane potential has been suggested to be an indictor of sperm motility and a reduction in potential has resulted in reduced sperm motility and fertilisation ability (Troiano et al., 1998, Donnelly et al., 2000, Kasai et al., 2002, Wang et al., 2003). Studies on asthenozoospermic patients have found a positive correlation between mitochondrial membrane potential and non-linear motility. Alterations in the mitochondrial respiratory chain enzyme activity can also have an effect on sperm motility (Luft, 1994). The electron transport chain (Figure 1.17) is composed of two mobile carriers (coenzyme Q and cytochrome C) and four multi-meric complexes (I, II, III and IV). Based on experiments involving specific mitochondrial enzymes and sperm motility, it has been suggested that mitochondrial dysfunction may lead to idiopathic asthenozoospermia (Ruiz-Pesini et al., 1998).
However, contradictory to the above are the findings of Tombes and Shapiro (Tombes and Shapiro, 1987) who suggest that when ATP is produced by the distant cell body or mitochondrion, whether by glycolysis or OXPHOS, it cannot meet the energy demands needed for normal flagella development due to the insufficient diffusion capacity of the ATP to the area where the energy demand is high. It is still unclear whether this is applicable to human sperm (Turner, 2003). Moreover, the products of ATP hydrolysis including ADP, inorganic phosphate Pi and H+ must be removed to avoid kinetic and thermodynamic stress (Oberholzer et al., 2007). Several researchers have therefore proposed an alternative pathway of energy production suggesting that there is a need for local ATP production closer to the site of ATP utilisation and that is achieved by the glycolytoic pathway of ATP production due to the presence of glycolytic enzymes in the fibrous sheath of the flagellum (Westhoff and Kamp, 1997) Furthermore, despite species specific differences (Rodriguez-Gil, 2006), mammalian spermatozoa can use a range of carbohydrates as substrate for ATP production (Williams and Ford, 2001, Frenette et al., 2006, Urner and Sakkas, 1999) (Mann and Lutwak Mann., 1981). This allows energy production in the cytoplasm regardless of mitochondrial activity (Westhoff and Kamp, 1997).
Glucose has been suggested to induce a high beat frequency in the flagellum and has been investigated by Mukai and Okuno who used a glucose analogue, 2-deoxyglucose (DOG), to inhibit glycolysis in spermatozoa. They found that DOG had no effect on mitochondrial respiration as assessed by the fluorescent probe -5,5’6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolyl carbocyanine iodide (JC-1) (Mukai and Okuno, 2004), whereas it did inhibit the activity of pyruvate and lactate when provided as substrates which results in low motility and decreased ATP content (Mukai and Okuno, 2004). This evidence further supports the idea that glycolysis is a key contributor to sperm motility and when supressed, leads to decreased motility event though mitochondrial substrates are present. The ATP content when DOG was added was also examined. The concentration of ATP in the presence/absence of pyruvate along with DOG was found to be similar. Because DOG cannot inhibit ATP synthesis in mitochondria, this suggests that normal mitochondrial respiration is not sufficient to maintain the concentration of ATP required for sperm flagella motility. This further strengthens the case for glycolysis being the preferred energy source specifically for motility functions.

Other areas of investigation include spermatogenic isoforms of proteins that are found through out the fibrous sheath of the sperm flagellum. One of the most prominent is the GAPD enzyme. GAPD-S is a gene that is specific to mouse spermatogenic cells (Miki et al., 2004) and its human ortholog is GAPD-2. It is also the first catalytically active enzyme found to be bound to the fibrous sheath of spermatozoa (Westhoff and Kamp, 1997). It acts as a regulator of glycolysis during spermatogenesis and is also the target of multiple environmental compounds that dramatically affect male fertility (Mohri et al., 1975). This has been studied by Miki et al (Miki et al., 2004) who studied GAPD-S gene expression and found that sperm produced by GAPD-S -/- mice have low motility and exhibit no forward progression (Miki et al., 2004). Welch et al (Welch et al., 2000) also sequenced and cloned the cDNA for the human homologue GAPD-2 and implied that it may have similar roles in human spermatozoa.

Investigations into mitochondrial ATP production have involved the use of carboyl cyanide m-chlorophenylhydrazie (CCCP) which acts as an uncoupler inhibiting ATP production. The addition of CCCP to highly motile mice spermatozoa had no effect on ATP content and motility parameters, suggesting that mitochondrial respiration does not play a pivotal role in sperm motility (Mukai and Okuno, 2004). In further support of this, LDH-C, a spermatogenic cell variant and a glycolytic enzyme (Blanco and Zinkham, 1963), catalyses the conversion of pyruvate to lactate which is essential for sperm motility during anaerobic respiration. If the LDH-C gene is disrupted in mice, neither tyrosine phosphorylation nor hyperactive motility occur, both necessary for capacitation (Odet et al., 2008). Hung et al (74) did also suggest that OXPHOS is not necessary for hyperactivated sperm motility in the sperm of rhesus macaque monkeys and Hereng et al (Hereng et al., 2011) has also shown that during exogenous supplementation of pyruvate and glucose, the glycolytic pathways was the dominant source of energy which fuelled progressive motility and capacitation through ATP production.

1.9.4.5 ATP in capacitation and the acrosome reaction
Fertilisation includes several processes that occur in order, one after the other (Yanagimachi, 1994a). After spermatozoa are deposited in the vagina, a series of processes collectively known as capacitation take place before fertilisation can occur (Rajender et al., 2010). Capacitation has been defined as “the cellular and biochemical modifications that the spermatozoon undergoes in response to appropriate stimuli essential for the acrosome reaction to occur” (deLamirande et al., 1997). When human sperm are incubated in capacitation medium, an average of 10-20% show motility patterns consistent with hyperactivation (Burkman, 1984, Buffone et al., 2005). ATP needs to be efficiently produced to by mammalian spermatozoa to fuel and maintain these significant processes (Ho et al., 2002). Modifications take place at the surface of the sperm head as well as through out the flagella (deLamirande et al., 1997). The acrosome reaction refers to the release of hydrolytic enzymes from the acrosome vesicles leading to successful sperm binding and penetration of the oocyte (du Plessis et al., 2015). 

The acrosome reaction begins due to signals produced by the oocyte activating G proteins inside the sperm which in turn increases intracellular Ca2+ levels. This activates numerous kinases and phosphorylation of various proteins. Ca2+ can be sourced from either plasma membrane channels formed by proteins in the CatSper family or from Ca2+ stored in organelles (Kirichok et al., 2006). A point of interest is that although CatSper channels are found only on the principle piece of the flagellum, the redundant nuclear envelope (RNE) which is a collection of membrane vesicles (Toshimori et al., 1985, Franklin, 1968), that serves as an important source of calcium ions to the base of the midpiece of the mitochondrial sheath. A rise in Ca2+ in sperm that are acrosome reacted has been shown to increase flagella beat intensity leading to an increase in hyperactivation (Suarez and Dai, 1995).

ATP is essential for ATPase activity, cyclic adenosine monophosphate making and phosphorylation. Therefore it plays a significant role in acrosomal integrity and the acrosome reaction itself. Mitochondria are heavily involved in capacitation-dependent tyrosine phosphorylation in mammalian spermatozoa (Kota et al., 2010, Ficarro et al., 2003). Interestingly a secretory pathway (Ca2+-ATPase has been immunolocalised to the mid piece and base of the head and may be involved in Ca2+ clearance that is released from the RNE store (Harper and Publicover, 2005). Furthermore, selenium-dependent phospholipid hydroperoxide glutathione peroxidase is highly expressed in spermatids and shows activity in the post pubertal testes (Roveri et al., 1992). In mature sperm it is confined to the midpiece region (Calvin, 1981) which embeds the helix of the mitochondria and plays a significant role in sperm maturation and mitochondrial function (Mitra and Shivaji, 2005). Despite this the specific role of tyrosine phosphorylation during human sperm capacitation has remains unclear. 
Turning to substrates, mammalian sperm rely on high concentrations of glucose, pyruvate and lactate (Hoshi et al., 1991, Williams and Ford, 2001, Mukai and Okuno, 2004) which are all present in oviductal fluid (Ruiz-Pesini et al., 2007). The oviductal fluid of sheep and pigs has been found to contain lactate which is metabolised by spermatozoa whereas in mouse sperm, oyruvate and glucose fuelled vigorous motility for longer (Restall, 1966, Nichol et al., 1992). The metabolic substrate utilised varies considerably between species and thus determines the metabolic pathway to produce ATP for capacitation (Storey, 2008). The presence/absence of extracellular substrates also has an effect but if present, sperm metabolise such substrates by glycolysis to provide ATP for flagella movement. On the other hand, when substrates for glycolysis are scarce, sperm metabolise respiratory substrates. In this situation, respiratory substrates function as substrates for gluconeogenesis in the mid piece, resulting in the production of glucose that can diffuse to other areas of the sperm flagellum. It has been shown that bull sperm depend on OXPHOS to support capacitation (Hutson et al., 1977) however, it has been suggested that human spermatozoa depend on glucose derived ATP (Urner and Sakkas, 1996, Williams and Ford, 2001). Glucose derived ATP serves as a fast source of energy, mitochondrial activity increases during sperm capacitation (Boell, 1985, Fraser and Lane, 1987). To define the role of mitochondria during capacitation, a study compared spermatozoa before and after swim up treatment, incubated for varying time intervals. Results indicated that respiratory activity in spermatozoa incubated under capacitating conditions was significantly increased compared to cells prior to swim up. This could be related to efficient ATP generation through OXPHOS (Stendardi et al., 2011).
[bookmark: _Toc319648484][bookmark: _Toc373754522]1.9.5 NMR and sperm metabolism
NMR is another method that has previously been employed to investigate sperm metabolites. A study on goat sperm (Patel et al., 1998, Patel et al., 1999) looked at epididymal sperm and focussed on identification and quantification of the amino acid L-arginine and its role in sperm metabolism. Utilisation of amino acids in sperm metabolism is interesting, as it is not well documented however, there are many more  substrates more likely to be affecting sperm metabolism and  sperm function in mammalian species. The goat is also not a model species for sperm studies considering that boar spermatozoa are morphologically much more similar to human sperm. NMR has been used to study boar sperm metabolism (Jones and Bubb, 2000), once again from sperm extracted from the epididymis. Sperm were then saponified (lysed using surfactant) and the metabolites extracted. This study was successful in contributing further to knowledge of boar sperm metabolism through the use of metabolic inhibitors to identify pathways of sperm metabolism. However, as in the goat study, sperm from the epididymis are not representative of the natural process of ejaculation, which may contribute to sperm metabolism as the sperm and seminal plasma interact in the male reproductive tract. Destruction of the sperm also prevents real time monitoring of their metabolism. Another study investigated the metabolome of turbot (flat fish species) sperm (Dreann et al., 2000). Although sperm of this species are not similar to human spermatozoa in their morphology or fertilising environment, researchers were able to identify anaerobic respiration and OXPHOS as sources of ATP, utilised during the swimming phase. Furthermore, comparisons were made between sperm, seminal fluid and urine metabolites highlighting the importance of comparing sperm and seminal plasma in sperm metabolite studies. Studies on rhesus macaque spermatozoa reflect the closest species comparison to human sperm other than studies on human sperm themselves. NMR has been used to study the affect of environmental tobacco smoke on sperm function in rhesus macaques (Hung et al., 2009) and found little effect however, sperm did show changes in their metabolome. This study contributed to our understanding of the effect of one of many possible environmental affects on sperm function. A second study used an inhibitor of glycolysis and an uncoupler of OXPHOS to investigate primate sperm metabolism (Lin et al., 2009). Interestingly they found a significant change in sperm metabolites correlated with seasonal variations in fertility, which suggested that NMR would be a promising tool in measuring sperm function through metabolite analysis. Finally, human spermatozoa were analysed using NMR and gas chromatography (Paiva et al., 2015) identifying 69 metabolites in human spermatozoa, 42 of which were identified by NMR alone. This was a significant contribution to scientific knowledge of the human sperm metabolome however, like previous studies, measurements were taken from extracted sperm metabolites at different time points. Very recently, data has been published suggesting the ability of NMR to be used to provide information about the molecules present in live human sperm (Reynolds et al., 2017). This recent publication focussed on developing the foundations of sperm washing in preparation for NMR analysis. Furthermore, it explores the differences in sperm metabolite quantities taken from fractions of Percoll gradient wash and compares metabolites from seminal plasma and spermatozoa. Real time monitoring of human sperm metabolites has been accomplished using NMR and comparisons made between sperm from fractions of the Percoll wash. There has been little focus on comparing the inter and intra metabolite profile of seminal plasma, high or low motility live sperm from different ejaculate phenotyopes using NMR. NMR still requires further investigation to explore its in studying live sperm metabolism possibly allowing real time monitoring of sperm metabolism in different environments and during key processes such as capacitation, hyperactivation and the acrosome reaction.
[bookmark: _Toc319648485][bookmark: _Toc373754523]1.1.0 Aims and objectives
Although sperm cells visually appear simplistic in their structure, they are in fact a unique cell with the essential purpose of transporting genetic information from the male to the oocyte during conception. Furthermore, they are subjected to multiple environmental stresses and cues that influence their metabolism and overall success in reaching the site of fertilisation. This raises the question as to whether traditional semen analysis is sufficient to classify a man’s fertility based on visual descriptors of sperm function, most importantly sperm motility.

Despite multiple efforts in developing novel tests of sperm function which focus on specific structural aspects of sperm and the biological challenges and processes they encounter during their journey through the female reproductive tract, none have been adopted in routine clinical practice. The development of these tests have each contributed further to our understanding of sperm function, but a technique that is economically and practically viable in the Andrology laboratory is yet to be successfully developed and implemented. Sperm metabolomics is the most promising field of sperm function testing, given that sperm metabolism is essential for sperm motility and sperm motility essential for successful fertilisation in vitro. 

NMR has a strong record within the field of medical diagnostics, most significantly in oncology, and has more recently been used to investigate male fertility with a focus on seminal plasma metabolites. It has the ability to identify sperm metabolites and thus quantify sperm metabolism. It also permits analysis of live sperm metabolism in real time, which has not been achieved previously. Furthermore, due to its specificity, it has the potential to increase our knowledge of sperm metabolism and its relationship to fertility further allowing scientists and patients to understand the cause of infertility and potentially help develop personalised therapeutics in the future.

Given the potential of NMR in the field of Andrology, investigations into its use in analysing sperm function will be carried out in this thesis. Chapter 3 aims to optimise two NMR techniques (broadband NMR and Magic Angle Spinning NMR) for use in experiments in subsequent chapters. Boar sperm will be the focus on these initial investigations. This Chapter will include initial metabolite observations and identify metabolites, which will be investigated in more detail in subsequent chapters. Chapter 4 then focuses on manipulating sperm metabolism using temperature and a pharmacological agent to validate NMR’s ability to detect changes in metabolites when a known environment affect is implemented. The effects were measured using both types of NMR mentioned above and the advantages and disadvantages of each technique discussed in order to justify the use of one of the techniques in future experiments. Chapter 5 moves on to investigate the metabolites within human spermatozoa and evaluates the differences in metabolites from seminal plasma, high motility and low motility spermatozoa within the same ejaculate and between ejaculates of the same and different individuals. This aims to help answer the question is there is variation in metabolite content of different fractions of a man’s ejaculate? Furthermore it may help to answer the question of how much a man’s ejaculate varies biologically over time? Finally Chapter 6 evaluates NMR in the analyses of real time sperm metabolism using a labelled isotope of carbon 13 and tracking its journey through multiple metabolic pathways employed by sperm. This aims to answer the question regarding the significance of either glycolysis or OXPHOS in ATP production for human sperm motility. Furthermore, comparison of live sperm metabolism in real time is evaluated in boars and humans with different classes of fertility deduced from traditional semen analysis. This aims to answer the question of whether NMR can be used to classify male fertility in the diagnostic setting and its future use in the Andrology laboratory.
[bookmark: _Toc319648486][bookmark: _Toc373754524]1.2.0 Hypothesis 
NMR will be able to detect and quantify sperm metabolites from glycolytic and OXPHOS metabolic pathways. Monitoring of these metabolites will be possible in real time.










[bookmark: _Toc319648487]
[bookmark: _Toc373754525]2.0 Materials and Methods

This chapter will describe the core techniques used for sperm preparation and analysis as well as the technique of NMR used in subsequent chapters. The design of individual experiments is given in each experimental chapter.
[bookmark: _Toc293818565][bookmark: _Toc319648488][bookmark: _Toc373754526]2.1 Collection of sperm
[bookmark: _Toc319648489][bookmark: _Toc373754527]2.1.1 Boar spermatozoa
Sperm rich samples of semen were provided by fertile boars from JSR Genetics Limited at Thorpe Willoughby (Selby, Yorkshire, United Kingdom).  The boars were a mixture of breeds and their semen is primarily used for commercial artificial insemination.  Prior to dispatch, the ejaculates were mixed with Beltsville (BTS) ambient temperature extender which acts to preserve full fertility for up to three days after ejaculation (Johnson et al., 1988). The semen samples arrived (via Royal Mail Special Delivery) within 24 hours of ejaculation and were placed in an incubator (Memmert IPP200, Schwabach, Germany) at 17C until used in experiments.  All samples were used within two days of ejaculation and by the expiry date provided.
[bookmark: _Toc293818566][bookmark: _Toc319648490][bookmark: _Toc373754528]2.1.2 Human spermatozoa
Samples of human semen were obtained from 18-35 year old men. The University of Sheffield ethics committee approved the use of human sperm donors in this study (SMBRER293). Donors were recruited using electronic and paper based materials displayed in University departments and social areas. Written informed consent was obtained from all participants before enrolment to the study and upon donation of each ejaculate used in this research. 

Semen samples were collected by masturbation after 2-5 days of abstinence, at home into a disposable cup 100ml PP (Sarstedt, Numbrecht, Germany) and bought to the laboratory within 40 minutes of production.  Donors were instructed to keep samples as close to body temperature as possible during transit. Ejaculates were allowed to liquefy before semen analysis which was performed within 1 hour of ejaculate production, using methods described in WHO (2010) and summarised in section 2.2.
[bookmark: _Toc319648491][bookmark: _Toc373754529]2.2 Semen analysis
[bookmark: _Toc319648492][bookmark: _Toc373754530]2.2.1 Measurement of sperm concentration
Before samples were used in experiments the total number of sperm in the sample was calculated in order to accurately standardise the number of sperm across experiments. The concentration of sperm was calculated using the method outlined in the WHO laboratory manual for the examination and processing of human semen (WHO, 2010). Briefly, 10l of a thoroughly mixed sample was observed on a glass slide with a cover slip to determine the appropriate dilution.  The sample was then mixed with the appropriate volume of formalin (Sigma Aldrich, Gillingham, UK) and loaded onto the Neubauer haemocytomer (Hawksley, Lancing, UK) (Figure 2.1) and allowed to settle for 3-4 minutes in a humid chamber.  At least 200 spermatozoa were then counted using x40 magnification for each grid on the haemocyometer.  The concentration of sperm per ml was then determined using conversion factors outline by the (WHO, 2010). From this the total number of sperm in the sample could then be calculated.
[bookmark: _Toc293818571][bookmark: _Toc319648493][bookmark: _Toc373754531]2.2.2 Measurement of sperm motility 
Sperm motility was measured in accordance with the WHO laboratory manual (WHO, 2010). Briefly, 10μl of semen was prepared on a slide and coverslip on a preheated stage set to 37°C. A total of 200 sperm were graded and the percentage motility and progressive motility calculated. The motility of each spermatozoon is graded as follows:
· Progressive motility: spermatozoa moving actively, either linearly or in a large circle, regardless of speed.
· Non-progressive: all other patterns of motility with an absence of progression e.g. swimming in small circles, the flagella force hardly displacing the head, or when the flagella beat can be observed.
· Immotility: no movement.
[bookmark: _Toc319648494][bookmark: _Toc373754532][bookmark: _Toc293818567]2.3 Sperm washing 
Different sperm washing media were used during density centrifugation of boar and human ejaculates. For boar sperm, Percoll (GE Healthcare Life Sciences, Little Chalfont, UK) medium was used. It has previously been speculated to have toxic affects on sperm membranes (Strehler et al., 1998) however, despite this it is still the media of choice for animal in vitro sperm selection procedures (Cesari et al., 2006, Machado et al., 2009). For human sperm samples, PureSperm (Nidacon, Mölndal, Sweden) was used. This is the medium used in Jessop Fertility (Sheffield, UK) to prepare human semen samples for use in IVF treatment cycles and its use supported in the following studies (Chen and Bongso, 1999, Dorado et al., 2011, Maxwell et al., 2007, Nicolas et al., 2012). 
[bookmark: _Toc319648495][bookmark: _Toc373754533]2.3.1 Boar sperm washing 
Highly motile preparations of boar spermatozoa were prepared using the method originally described in (Lynham and Harrison, 1998). Briefly, sperm were separated from diluted semen by sedimentation through two concentrations of iso-osmotic Percoll (GE Healthcare Bio-Sciences AB, Little Chalfont, UK) (as illustrated in Figure 2.2. Two concentrations of isotonic Percoll were made by diluting it to 70% (v/v) and 30% (v/v) using the HEPES 1x solution (Biosera, Uckfield, UK). 2ml of 30% Percoll was then layered on top of 2ml 70% Percoll which consequently formed an interface between the two. 3ml boar semen (diluted in BTS) was placed on top of the two concentrations of Percoll. Density centrifugation took place in a 15ml microcentrifuge tube (Starlab, Milton Keynes, United Kingdom). Samples were then centrifuged in a Sigma 3-16K at 200g for 15 minutes followed by 900g for 15 minutes. Centrifugation caused a pellet to form at the base of the tube (Figure 2.2G) allowing aspiration of the supernatant and addition of 3ml Tyrodes buffer (Harrison and Miller, 2000) before final centrifugation at 900g for 15 minutes. The aspirated pellet was either left in the pellet form and pipetted neat for use in experiments described in Chapter 3, or re-suspended in 1ml PBS 1x. The final suspensions were stored at 39°C, shielded from sunlight and used within 1 hour.














Figure 2.1: Figure has been removed for copyright reasons

[bookmark: _Toc293818568][bookmark: _Toc319648496][bookmark: _Toc373754534]2.3.2 Human sperm washing with PureSperm
Donor ejaculates were allowed to liquefy before semen analysis. Two PureSperm (Nidacon, Mölndal, Sweden) gradients of 80% (v/v) and 40% (v/v) were created using PureSperm 100 solution and PureSperm buffer solution. The gradients were layered on top of each other in a 15ml microcentrifuge tube and the presence of an interface verified (Figure 2.2). A maximum of 1ml of the ejaculate was then layered on top of the gradients and centrifuged at 300g for 20 minutes. Following the first round of centrifugation, the seminal plasma was removed and stored as summarised in section 2.5.1. The immotile sperm was also removed from the interface between the 80% and 40% Pursperm (Figure 2.2G) as summarized in section 2.5.3. The motile spermatozoa were re-suspended in 2ml PBS 1x and centrifuged at 500g for 10 minutes. The supernatant was removed and the final motile sperm pellet was re-suspended in 2ml PBS 1x ready for NMR acquisition (section 2.5.2)
[bookmark: _Toc319648497][bookmark: _Toc373754535]2.4 Preparation for scanning
[bookmark: _Toc293818570]A 20mM 3-(Trimethylsilyl) propionic acid, sodium salt (TSP) (Sigma aldrich Gillingham, UK) insert was made by diluting TSP in D2O to achieve a 20mM concentration.  Samples were then spiked with 10μl of the 20mM TSP reference. 10% (v/v) D2O was added to all samples for field frequency lock.

[bookmark: _Toc319648498][bookmark: _Toc373754536]2.5 Analysis of ejaculate fractions
[bookmark: _Toc319648499][bookmark: _Toc373754537]2.5.1 Seminal plasma
Once the first centrifugation had taken place, the seminal plasma was removed from the top of the gradient columns using a 3ml Pasteur pipette (Ramboldi Ltd, Limassol, Cyprus). The seminal plasma was then frozen at -80°C until scanning could take place. When required, seminal plasma samples were thawed. To remove any residual sperm, seminal plasma was then centrifuged at 1000g for 10 minutes and the supernatant removed for scanning. The pelleted cells were discarded.
[bookmark: _Toc319648500][bookmark: _Toc373754538]2.5.2 High motility spermatozoa
Motile spermatozoa were collected following washing (see Figure 2.2G). Motile spermatozoa were immediately re-suspended in 1ml PBS 1X at 37°C for human 


[bookmark: _GoBack]Figure 2.2: Figure has been removed for copyright reasons

[bookmark: _Toc319648501]and 39°C for boar. Concentration and motility analysis were then performed immediately prior to scanning.
[bookmark: _Toc373754539]2.5.3 Low motility spermatozoa
Immotile spermatozoa in the 80/40 interface were carefully removed using a Pasteur pipette after the first centrifugation had taken place. Briefly, seminal plasma was removed first to avoid contamination. The layer of low motility sperm which had collected at the 40/80 interface was then removed also using a Pasteur pipette. This was pipetted into an eppendorf tube and centrifuged at 300g for 10 minutes. The supernatant was removed and discarded and the low motility sperm were resuspended in 0.5ml PBS. They were then subject to Magnetic-Activated Cell Sorting (MACS) (see section 2.6) for purification so that leukocytes and other non sperm cells were eliminated from the sample.
[bookmark: _Toc319648502][bookmark: _Toc373754540]2.6 Magnetic-activated cell sorting (MACS)
[bookmark: _Toc319648503][bookmark: _Toc373754541]2.6.1 Preparation of sperm for MACS
All MACS equipment was sourced from Miltenyi Biotec (Bisley UK). LS columns were used for the gentle isolation of MicroBead labeled cells alongside a MidiMACS separator attached to a MultiStand (Figure 2.3). Semen analysis (concentration and motility (see section 2.2)) was performed on low and high motility sperm samples following sperm washing (see section 2.3). Sample concentrations were adjusted if necessary so that a concentration of 107 ml was not exceeded. Cell suspensions were centrifuged at 300g for 10 minutes and the supernatant aspirated completely. The sperm pellet was re-suspended in 80μl MACS buffer (PBS, 0.5% (w/v) bovine serum albumin (BSA), 2mM EDTA) and 20μl CD45 MicroBeads added and mixed well. The sperm and MicroBeads were incubated at 5°C for 15 minutes. Following incubation the sperm were washed by adding 2ml MACS buffer and centrifuged at 300g for 10 minutes. The supernatant was aspirated completely. Cells were then re-suspended in 500μl MACS buffer.
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[bookmark: _Toc319648504][bookmark: _Toc373754542]2.6.2 Magnetic separation    
The LS column was placed into the magnetic field of the MACS separator (Figure 2.3). The column was prepared by adding 3ml MACS buffer and allowing it to drip through. The sperm and MicroBead solution was then added to the column. The unlabeled cells (spermatozoa only) were collected and the column was washed with 9mls of MACS buffer. This unlabeled (purified sperm) cell suspension was centrifuged for 500g for 10 minutes and re-suspended in 600μl PBS and prepared for NMR acquisition as summarised in section 2.4. Concentration and motility was performed as summarized in section 2.2 prior to scanning. Processed sperm samples were microscopically analysed for purity from a wet prep slide of 10μl of the purified sample. The entire slide was analysed and the presence of non sperm cells recorded if present.
[bookmark: _Toc293818573][bookmark: _Toc319648505][bookmark: _Toc373754543]2.7 NMR
1-dimensional and 2-dimensional 1H NMR spectra were obtained using a Bruker Avance III (Bruker Biospin, Karlsruhe, Germany) Ultrashield 400WB Plus scanner (Figure 2.4). A single-pulse acquisition sequence was used with suppression of the water resonance by WATERGATE (WATER suppression by GrAdient Tailored Excitation). The transmitter frequency was set on the water resonance and a non selective 90° pulse was applied followed by a 1-2 msec gradient pulse. The gradient pulse dephases all of the resonances. A composite pulse (consisting of 6 hard pulses separated by a delay, (τ) is then applied which acts as a 180° pulse for everything in the sample except for the peaks on resonance (i.e. water) (Adams et al., 2013). Sample temperature was held at 39C for boar experiments and 37C for human experiments.

The NMR probe head sits directly in the centre of the magnet and houses the radio frequency coils and associated wiring that act as an antenna, transmitting and receiving the electromagnetic radiation (Figure 2.4). Two types of probe were used in these experiments. Firstly, a Magic Angle Spinning (MAS) probe, which operates across a wide frequency range, has a small sample volume (80μl maximum) and is designed for more solid-state sample analysis (Figure 2.5a). The second probe, a 5mm broadband probe operates over a wide frequency range however, samples are loaded into 5mm glass NMR tubes (Figure 2.5b) and better suited to liquid samples. The minimum volume to scan was approximately 400μl and the maximum 2000μl. 
[bookmark: _Toc319648506][bookmark: _Toc373754544]2.7.1 Pre scan spectral optimisation 
Prior to spectral acquisition, shimming was performed to increase the quality of the spectra. Shimming involves the adjustment of current flowing through shim coils that create their own small magnetic fields and can be adjusted according to changes in the current that flows through them. When a sample is lowered into the centre of the magnet it creates inhomogeneity in the magnetic field.  The shim coils act to increase magnetic field homogeneity across the sample by adjustment of the current and the magnetic field around them, removing residual in homogeneities. 
[bookmark: _Toc319648507][bookmark: _Toc373754545]2.7.2 1H  (proton) NMR
To begin, samples were scanned and the water resonance frequency manually identified from the spectrum. The resonance frequency was then recorded and input into the scanners acquisition parameters. A Watergate sequence was then selected and run with the water peak placed at the centre of the spectrum. The Watergate sequence was then eliminated the residual water peak from the spectrum making identification of metabolite peaks easier.
[bookmark: _Toc319648508][bookmark: _Toc373754546]2.7.3 13C NMR
1-dimensional 13C NMR was performed on the same 5mm broadband probe previously described in section 2.7. Spectral resonance was initially optimised by shimming (section 2.7.1) and confirmed using 1-dimensional inverse gated pulse sequence.
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[bookmark: _Toc319648510][bookmark: _Toc373754547]2.7.4 Magic angle spinning (MAS) probe 
Washed sperm pellets (See section 2.2.1) were pipetted into an 80l magic angle disposable insert (Bruker Biospin, Karlsruhe, Germany) (Figure 2.5a) with a plug put in place to prevent leakage.  A cap and rotor were then fitted and it was placed inside a Zirconium 4mm rotor tube (Figure 2.5a). Spectral opimisation was performed as outlined in section 2.7.1.
[bookmark: _Toc293818578][bookmark: _Toc319648511][bookmark: _Toc373754548]2.7.5 Post scanning procedure
After acquisition, spectra were Fourier transformed. Fourier transformation is the most important innovation in NMR spectroscopy (Ernst and Anderson, 1966). A Fourier transform operation converts a signal from the time domain to the frequency domain. It can separate out a complex wave into many waves each with a specific fixed frequency (Aue et al., 1976). This enables molecular structure determination at the atomic level in aqueous solution. Spectra were automatically phase corrected and baseline corrected. (Cooley and Tukey, 1965). Peak integrations were taken about the peak at an area of the baseline where no spectral peaks were present, just noise as a starting point (Figure 2.6). The peak was then incorporated and integration terminated on the other side where once again no metabolite peaks were present in an area of noise. The TSP reference compound peak was used as a chemical shift reference and calibrated to 0ppm. The integrals recorded were the absolute integrals. These are values created by the TopSpin software that quantifies the area underneath the spectral peaks. The absolute integral is the sum of the values underneath the peak. This allows the reference peak to be quantified (TSP or 13C urea) and the absolute metabolite integral is then divded by the reference compound integral to quantify the metabolite peak in relation to the known reference compound peak (Figure 2.6).
[bookmark: _Toc319648512][bookmark: _Toc373754549]2.7.6 Normalisation of metabolite peaks
To normalise metabolite peak integrals, each integral value was divided by the total integral, this being the integral value for the entire chemical shift on the visible spectrum. This normalises the metabolite peaks to a constant concentration.
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[bookmark: _Toc293818580][bookmark: _Toc319648516][bookmark: _Toc373754551]3.1 Introduction
The majority of samples analysed using the traditional broadband NMR are liquids including blood (Brindle et al., 2002), bile (Wen et al., 2010), and urine (Clayton et al., 2006). However, recent advances in technology have allowed the analysis of metabolites within intact tissues using a technique known as Magic Angle Spinning (MAS) (Beckonert et al., 2010). Magic Angle Spinning (MAS), outlined in section 1.8.9.1.2 was first developed in 1959 (Andrew et al., 1959), and has only recently been used in main stream high resolution NMR (Claridge, 1999). Due to its success in producing high resolution spectra, MAS has been applied to study metabolomics of breast (DeFeo and Cheng, 2010) (Bathen et al., 2010), colon (Chan et al., 2009), prostate (Burns et al., 2004), liver (Martinez-Granados et al., 2011) and lung (Rocha et al., 2010) tissue. Specifically in breast cancer tissue, multiple studies have gone further by investigating quantities of breast cancer metabolites in relation to clinical prognosis (Sitter et al., 2010) and using results from MAS to predict prognosis in cancer patients (Giskeodegard et al., 2010). This is a promising example of its clinical diagnostic potential using metabolites. MAS has never been used to scan sperm. Therefore, complete optimisation of the scanning parameters was needed to conduct experiments described subsequent chapters. 

Table 3.1 summarises the acquisition parameters used in previously published literature when analysing samples such as brain, tumour, kidney, blood vessel and breast tissue. First of all it is important to consider the frequency of the NMR scanner being used. The higher the frequency, the higher the potential signal to noise available during acquisition, making identification and quantification of metabolite more accurate. The frequency of the NMR scanner is defined at production and cannot be altered. 

As outlined in section 1.8.9.1.2 to perform MAS NMR the sample must be spun at high frequency. For most biological tissues this is not an issue but for live spermatozoa the affects on their viability require further investigation. The tissues listed in Table 3.1, were analysed at spin frequencies ranging from 2000 to 5000Hz. The spin frequency determines the position of on spinning bands that appear in the spectrum.


90

	Reference
	Tissue
	Scanner frequency (Hz)
	Spin frequency (Hz)
	Acquisition time (sec)
	Number of scans

	Moka 1997
	Kidney
	400
	5000
	1.37
	256

	Detour et al 2011
	Brain
	500
	3000
	2.30
	128

	Li et al 2011
	Breast
	500
	2000
	-
	1024

	Anwar 2012
	Blood vessel
	600
	5000
	2.72
	256

	Selnaes 2013
	Tumour
	600
	5000
	3.27
	128



Table 3.1: MAS parameters from existing literature of a variety of biological tissues. ‘–‘ Indicates data is unavailable for parameters.

Spinning bands form from rotational resonances and appear in the spectra when there is incomplete cancellation of factors that give rise to the solid-state magic angle. The lower the spin frequency, the closer together these spinning bands occur, causing potential masking of metabolite peaks and their chemical shifts.  Spin frequency is also important when considering its effects on sperm viability. Carjaval et al (2004) reported a positive effect of centrifugation on cryosurvival of sperm. The length of time that sperm are spun for has been found to be more significant in determining viability than the g force that they are spun at (Nicolas et al., 2012).  Overall it is clear that there is an effect of spinning on sperm viability and therefore its effect needs to be investigated, especially since the g force in HR MAS is much greater than that used in standard sperm washing protocols.

In the samples shown in Table 3.1, acquisition time varied from 1.37-2.72 seconds. Acquisition time is unique to the sample and is decided by observing the Free Induction Decay (FID) outlined in Figure 1.12. In order to maximise the signal to noise ratio of the spectra, the acquisition time must not extend after the FID signal has decayed into noise. If the acquisition time is too long more noise will be added to the averaged final spectrum decreasing the overall signal to noise ratio making individual metabolite peaks more difficult to distinguish.

In Table 3.1, the number of scans varied from 128 to 1024. The more scans that are performed, the higher the signal to noise and the better the quality of the spectra. However, the more scans performed, the longer the sample spends in the scanner, potentially reducing the viability of the sperm. 

Finally, an important consideration when using MAS NMR to scan live sperm is the total number of sperm in the sample. Many of the biological tissues that have been analysed previously contain millions of cells and therefore only a small sample volume is needed. The minimum number of sperm required for metabolite peak identification and quantification needs to be determined. This can be achieved by diluting a sample down until the signal to noise to metabolite peak ratio is below the required ratio suggested for accurate integration (5:1).

Therefore, the aims of this chapter were to optimise acquisition parameters for Magic Angle Spinning of boar spermatozoa. This focused specifically on defining the optimum: (i) acquisition time; (ii) spin frequency; (iii) number of scans; and (iv) sperm concentration.
[bookmark: _Toc293818581][bookmark: _Toc319648517][bookmark: _Toc373754552]3.2 Materials & methods
[bookmark: _Toc319648518][bookmark: _Toc373754553]3.2.1 Sperm preparation 
Boar sperm samples (see section 2.1.1) were analysed as outlined in section 2.2 to determine the ejaculate concentration and motility prior to washing. High motility sperm were isolated by washing (see section 2.3.1) to form a pellet with a final concentration of 1x109/ml except for samples used in the concentration experiment (outlined in section 3.2.5) where the sperm concentration varied. Briefly, a 50μl of sperm pellet in addition to 10μl of 20mMol TSP reference compound were pipetted into 60μl MAS Zirconium rotor (Bruker Billerica, USA) and scanned using a Bruker Avance III 9.4T 400MHZ scanner with HR-MAS probe. All samples were scanned at 39°C.
[bookmark: _Toc293818583][bookmark: _Toc319648519][bookmark: _Toc373754554]3.2.2 Spin frequency & viability
Spin frequency was altered using Bruker MAS unit (Bruker Biospin, Karlsruhe, Germany). Spin frequency ranged from 1000 to 6000 Hz in 1000Hz increments.  128 scans were performed at each frequency and the signal to noise measured of each spectrum to assess spectral quality. Sperm viability was measured for each sample spun at each frequency using a Live/Dead Sperm Viability Kit (Molecular probes 2001-L-7011). 
[bookmark: _Toc293818582][bookmark: _Toc319648520][bookmark: _Toc373754555]3.2.3 Acquisition time
Acquisition time was altered according the length of the Free Induction Decay.  Three acquisition times were applied, 0.6sec, 2sec and 4sec.  The resulting spectra observed and the signal to noise ratio was measured using a Bruker Topspin software package (Bruker Biospin, Karlsruhe, Germany) in order to assess the spectral quality as outlined in section 2.7.6.
[bookmark: _Toc293818584][bookmark: _Toc319648521][bookmark: _Toc373754556]3.2.4 Number of scans
The number of scans was increased from 8 to 64, 128, 256, 1028. Signal to noise ratio was once again calculated using Bruker Topspin software (Bruker Biospin, Karlsruhe, Germany) to quantify signal to noise ratio as outlined in section 2.7.6.
[bookmark: _Toc293818585][bookmark: _Toc319648522][bookmark: _Toc373754557]3.2.5 Sperm concentration
Three concentrations of sperm were scanned once the above parameters had been optimised. The three concentrations were 1 x 109 per ml, 5 x 108 per ml and 2.5 x 108 per ml. However, the total volume of the sperm pellet pipetted into the zirconium rotor was 50μl.  Therefore actual numbers of sperm scanned were 5 x107, 2.5 x 107 and 1.25 x 107
[bookmark: _Toc319648523][bookmark: _Toc373754558]3.2.6 Identification of boar sperm metabolites
Boar sperm metabolites have been identified in previous literature using NMR (Jones and Bubb, 2000). This literature was used to match metabolites.  Identification was further supported by comparison to the online Spectral Database for Organic Compounds (SDBS). Both the literature and the online database contained data on the exact ppm at which metabolite peaks occurred.  Metabolite peaks seen after HR MAS NMR were matched to the peak ppm online and in the literature.
[bookmark: _Toc293818586][bookmark: _Toc319648524][bookmark: _Toc373754559]3.3 Results
Six metabolite peaks were identified in boar sperm metabolites using MAS NMR including lipid, lactate, arginine+leucine+leucine, glutamine, citrate, glucose/fructose.
[bookmark: _Toc293818588][bookmark: _Toc319648525][bookmark: _Toc373754560]3.3.1 Spin frequency 
Figure 3.1 shows representative spectra of sperm metabolites from a single sperm sample spun at frequencies of: (a) 1000, (b) 3000 and (c) 6000 Hz. In Figure 3.1a spinning bands can be identified at 4 points on the spectrum. Spinning band 3 (Figure 3.1a) lies at 2ppm, directly in the spectral range of metabolites, potentially masking them. The three remaining spinning bands (arrows 1, 2 & 4) do not interfere with metabolites. Figure 3.1b is a representative spectrum from spermatozoa spun at 3000Hz. This spectrum has lost the spinning bands completely as they move outwards as the spin frequency increased.  Figure 3.1c, is at 6000Hz where once again no spin bands were observed.

Figure 3.2 shows the mean (±SD) signal to noise ratio (SNR) for the TSP reference peak for spin frequencies 1000 to 6000Hz in 1000 Hz increments observed in 8 sperm samples. The SNR of the TSP peak increased rapidly from 1000-3000 Hz. 
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However it plateaus at 3000Hz and remains relatively constant as the spin frequency increased further to 4, 5 & 6000Hz.

Calculation of the G force exerted on the spermatozoa (Figure 3.3) shows a curvilinear relationship between spin frequency and G force. At 6000Hz, the relative G force reaches 300,000. At 3000Hz the G force falls to 80,000, more than a third less than the G force experienced at 6000Hz. Figure 3.4 shows the relationship between spin frequency and sperm viability of aliquots of 8 boar ejaculates before and after scanning. There was a variation in sample viability prior to scanning (mean ranged from 61.67%-74.40%). Between 1000 & 4000 Hz, the viability remained relatively constant (1000Hz mean 50.67%, 4000 Hz mean 47.67%,). At 5000 and 6000 Hz the viability rapidly decreased (mean 24.17%,).
[bookmark: _Toc293818587][bookmark: _Toc319648526][bookmark: _Toc373754561]3.3.2 Acquisition time
Figure 3.5 shows representative metabolite spectra of a boar ejaculates, scanned with an acquisition time of 0.6-4.0 seconds. Figure 3.6 shows the relationship between mean (±SD) SNR of the TSP reference peak and the acquisition time (n=8). These data show that the signal to noise ratio is highest with an acquisition time of 2.0 seconds and lowest at 0.6 seconds.  
[bookmark: _Toc293818589][bookmark: _Toc319648527][bookmark: _Toc373754562]3.3.3 Number of scans
Figure 3.7 shows representative spectra of boar sperm metabolites from acquisitions with 8, 64 and 128 scans. Figure 3.7a (8 scans) has a lower signal to noise ratio (mean 19.29) compared to (b) 64 scans (mean 48.15) and (c) 128 scans (mean 81.59), 256 scans (mean 95.6). As the number of scans increases, the SNR of the TSP also increases however, it becomes more constant after 256 scans (1056 scans (mean 99.5). 
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Figure 3.8: The relationship between signal to noise ratio (SNR) of the TSP peak and the number of scans in an acquisition (n=8) (mean ±SD. As the number of scans increases, the SNR of the TSP also increases becoming more constant at 256 scans

[bookmark: _Toc373754563]3.3.4 Sperm concentration
Figure 3.9 shows boar sperm metabolite spectra from the same semen sample adjusted to 3 different total numbers of sperm after washing. The TSP reference compound peak can be seen at 0 ppm. This peak does not change in height or shape and therefore can be used to compare metabolite peak sizes to when altering the concentration of sperm. Figure 3.9a is a representative spectrum of a sample containing 50 million sperm. Metabolite peaks are largest in this spectrum compared to the TSP peak. Figure 3.9b is a representative spectrum of a sample containing 25 million sperm. There is a visual reduction in metabolite peak heights compared to the TSP peak. Figure 3.9c is a representative spectrum of a sample containing 12.5 million sperm. There is a further visual reduction in metabolite peaks. 

The signal to noise ratio of lactate, a previously identified boar sperm metabolite (Jones and Bubb, 2000) was calculated in an attempt to identify possible changes in metabolite peaks in relation to total number of sperm. Figure 3.10 shows the relationship between the SNR of the TSP peak and the SNR of the lactate peak. The SNR of the TSP and lactate peaks increases slightly and then plateaus as the total number of sperm in the sample increases.
[bookmark: _Toc293818593][bookmark: _Toc319648529][bookmark: _Toc373754564]3.4 Discussion
The aims of this chapter were to optimise acquisition parameters for Magic Angle Spinning of boar spermatozoa and focused specifically on defining the optimum (i) acquisition time (AQ); (ii) spin frequency; (iii) number of scans; (iv) sperm concentration for future experiments. In summary, the data shows that AQ times of 0.5, 1.0, 2.0 and 4.0 seconds all produced an SNR of the TSP reference peak of >45:1 (Figure 3.6). The acceptable SNR for peak integration is 5:1. Therefore, the use of all of these AQ times would produce an acceptable spectral quality. However, as expected, as the acquisition time increased from 0.0-2.0 seconds, the SNR of the TSP peak increased to above 50:1. As the AQ time is increased, the signal quantified from metabolite peaks increases and therefore the SNR is greater. However, at an AQ time of 4.0 seconds it had decreased.  This is because the background noise quantified during NMR had been added to the 
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signal from metabolite peaks. Therefore, the optimum AQ time for NMR studies of sperm appears to be 2 seconds. 

Although HR-MAS has been used to identify metabolites in a variety of tissues to including breast (DeFeo and Cheng, 2010, Bathen et al., 2010), colon (Chan et al., 2009), prostate (Burns et al., 2004), liver (Martinez-Granados et al., 2011) and lung (Rocha et al., 2010) tissue, it has never been applied to the study of live sperm metabolism. The majority of tissues analysed using HR MAS have consisted of solid-state samples. Therefore, optimising acquisition parameters for a semi solid sperm sample was paramount to ensure the highest quality metabolite spectra could be obtained in future experiments. A total of 6 metabolites were identified using HR MAS on live boar spermatozoa. Previous literature (Jones and Bubb, 2000) used conventional broadband NMR and successfully identified 15 boar sperm metabolites. As with many previous studies of sperm metabolites, metabolites were extracted by saponification. This meant that sperm were no longer viable at the time of scanning. Although 15 metabolites were identified, they cannot be monitored in real time. 

The frequency of the NMR scanner used in these experiments was 400MHz.  This frequency is not adjustable and therefore, when comparing acquisition parameters to previous literature, the frequency of the scanner used had to be considered. Research analysing breast (Li et al., 2011) and brain (Detour et al., 2011) tissue was conducted using a 500MHz scanner whilst tumour (Selnaes, 2013) and blood vessels (Anwar et al., 2012) were scanned in a 600MHz scanner. When using higher frequency scanners, resulting spectra have the potential to have higher signal to noise ratio as more power is being applied during radiofrequency pulses. Kidney tissue has been scanned using a 400MHz scanner during MAS (Moka et al., 1998). This frequency was adequate in allowing the identification of endogenous substances from cytosolic and membrane compartments, which suggests the use of the 400Mhz scanner to scan sperm might be sufficient to detect metabolites.

MAS is unique in its ability to reduce improve spectral quality through spinning the sample at high frequency and at the magic angle (Claridge, 1999). However, when analysing a live sample, effect of high frequency spinning of sperm viability required further investigation. Previous studies (DeFeo and Cheng, 2010, Chan et al., 2009, Burns et al., 2004) analysing biological tissue using MAS have used biopsy tissue, where the cells were fixed and therefore their viability was of no concern. The relative G force exerted on the sperm was extremely high. At 3000Hz, the G force was around 100,000. A previous study (Len et al., 2008) investigating the effect of centrifugal force on boar sperm parameters found that at 4,500g boar sperm viability, motility and the percentage of intact acrosomes was reduced compared to sperm spun at 400 & 900g. After three repeats the average viability after spinning at 3000Hz fell slightly from 70%-55%. However, 55% of the sperm remained viable which is promising for future experiments that investigate time dependent changes in the metabolism of sperm. Reasons for unexpectedly high sperm viability after exposure to high G force may be explained by their unique structure compared to a variety of cells.  There is very little cytoplasm within the sperm head as it is tightly packed with DNA. This tight package could be the key to preventing cell lysis and thus maintaining viability. Other previous research into the effect of g force on sperm cells has found that the length of time the sperm is exposed to G force has a stronger effect than the actual level of G force itself (Nicolas et al., 2012). Therefore, the 55% viability of samples spun at 3000Hz may be remarkably high due to the short time at which they are spinning (less than 5 minutes). It has also been suggested that there is a positive effect on cryosurvival of sperm when exposed to higher G force during sample preparation by centrifugation (Carvajal et al., 2004).

Acquisition time is the length of time the scanner records a signal after radiofrequency pulse is applied. The length of the acquisition time is usually determined by observation of the Free Induction decay (FID) (outlined in section 1.8.5). The results from these experiments clearly show a relationship between the acquisition time and the signal to noise ratio of TSP peak (Figure 3.6). As the acquisition time increases from 0.6-2.0 seconds, the SNR increases. It then begins to decrease at 4.0 seconds. The majority of acquisition time parameters from previous literature (Table 3.1) are between 2.0-3.0 seconds. The optimum acquisition time was 2.0 seconds, which is similar to that used in previous literature (Table 3.1). This acquisition time is also suitable for use in future experiments which may involve scanning samples of hyperactivated sperm. Sperm hyperactivation lasts for up to 10 minutes (Holt and Harrison, 2002) and therefore, a sufficient number of scans at 2.0 seconds per scan could be obtained in a 10 minute time period.

The number of scans performed on a sample strongly determines the signal to noise ratio of peaks. Each scan is additive to the final spectrum which is an average of all scans. Therefore the more scans, the higher the number averaged for the final spectrum. In these experiments, as the number of scans increases from 8 to 64 to 128, the signal to noise ratio increases dramatically however, becomes more constant at 265 scans (Figure 3.8). Furthermore, as the number of scans increases, as does the length of time the sperm spend in the scanner, which could affect viability. Therefore, 256 scans will be used in future experiments given that the signal to noise ratio increases less rapidly above 256 scans.  The signal to noise ratio at 8 scans is still above the acceptable ratio for peak integration of 1:5 however, it increases 8 fold at 256 scans. It takes 20 minutes to perform 256 scans which meant that analysis of multiple samples of different ejaculate fractions in different experimental groups could be practically achieved in a working day with the scanner.

Sperm viability was only measured when experimenting with spinning speed of the sample. When experimenting with AQ time and number of scans, the maximum amount of time a sample remained in the scanner was 20 minutes. Therefore, having spun the sperm at increasing spinning frequencies for the same amount of time as when testing other parameters (20 minutes) viability was performed and sperm viability remained >50% until 30000Hz. It was therefore assumed that sperm viability was ≥50% when experimenting with all other parameters as the sperm were within the scanner for the same amount of time.

As with all other parameters investigated, the total number of sperm in the sample determines the signal to noise ratio of the spectrum. It is also important, as an eventual aim of this project is to investigate the metabolites of sperm from oligozoospermic ejaculates where the sperm concentration is less than 15x106/ml (WHO, 2010). Therefore, at such low concentrations, it must be determined whether metabolite peaks are of a sufficient SNR ratio to enable accurate comparison to fertile controls or other infertile men with higher sperm concentrations (e.g. asthenozoospermia). These experiments show that at 12.5 x106 total number of sperm the SNR of lactate is approximately 9:1.  This is above 5:1, the level required for accurate peak integration. Therefore, metabolites from sperm with low sperm numbers can still be accurately be measured using HR MAS NMR.

MAS has a number of advantages when investigating sample metabolites.  For example, if there is a short time scale for obtaining spectral data and minimal sample preparation is required. These two factors alone satisfy important requirements for use in clinical diagnosis (Waters et al., 2000). Furthermore, MAS spectra have on average a three-fold signal-to-noise-gain yet uses a tenth of the sample required by conventional solution spectra (Claridge, 1999) meaning a smaller volume but more cells can be analysed in each sample. 

Therefore, in this chapter it has been demonstrated that HR MAS is a suitable technique for identifying metabolites in sperm cells, at concentrations lower than the WHO reference value (15 x106/ml) for male fertility. All acquisition parameters have been optimised (Table 3.2) and will be used in future experiments to ensure the highest signal to noise ratio of metabolite peaks is achieved. Parameters may need to be re-optimised for human sperm samples and this will discussed in Chapter 4.  












	Parameter
	Chosen setting

	Spin frequency
	3000Hz

	Acquisition time
	2 seconds

	Number of scans
	256

	Sperm concentration
	25 x106 total number of sperm



 Table 3.2: Optimal NMR acquisition parameters that will be used in subsequent experiments
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[bookmark: _Toc373754565][bookmark: _Toc319648531]4.0 Identifying & detecting changes in boar sperm metabolites using 1H Magic Angle Spinning and Broadband NMR
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[bookmark: _Toc373754566]4.1 Introduction
Following the optimisation of Magic Angle Spinning (MAS) parameters outlined in chapter 3 (See Table 3.2), in this chapter both MAS and broadband NMR will be used to scan spermatozoa. Broadband NMR has previously been used to investigate male fertility though its application to the scanning of seminal plasma (Hamamah et al., 1998, Gupta et al., 2011a, Gupta et al., 2011c, Gupta et al., 2013) and extracted sperm metabolites from different species including goat (Patel et al., 1998, Patel et al., 1999), boar (Jones and Bubb, 2000, Marin et al., 2003), turbot (Dreann et al., 2000), and rhesus macaque (Hung et al., 2009, Lin et al., 2009) and lyophilised human spermatozoa (Paiva et al., 2015). MAS NMR, discussed in section 1.8.9.1.2, is a relatively novel method of NMR analysis and its applications have been mostly applied investigating tissue metabolomics including breast (DeFeo and Cheng, 2010, Bathen et al., 2010), colon (Chan et al., 2009), prostate (Burns et al., 2004), liver (Martinez-Granados et al., 2011) and lung (Rocha et al., 2010) tissue as it is well suited to solid state samples. Its use in the identification of the metabolome of other tissues and the identification of potential biomarkers of disease suggests NMR has the capability to not only classify the metabolome of live sperm but potentially characterise biomarkers of sperm pathologies by biomarkers of sperm metabolism (Paiva et al., 2015). Following sperm washing, the sperm pellet approximates a solid sample because of the high number of sperm cells that have been concentrated. A higher number of cells in the concentrated pellet would yield higher signal to noise and therefore MAS could potentially be advantageous in the study of sperm metabolites. Due to the success of broadband NMR in previous literature, it will be used alongside MAS NMR and the two methods compared. 

Given that both 1H broadband and MAS NMR are novel approaches in the study of live sperm metabolites, confirmation was needed to ensure that NMR was sensitive enough to: (i) detect individual metabolites and (ii) detect changes in metabolite concentrations in spermatozoa. Therefore, there was a need to manipulate sperm metabolism externally in order to test the ability of NMR to measure such a change within spermatozoa. Simple external stimuli include temperature of medium and addition of pharmacological agents.

 At a fundamental level, cellular metabolism is underpinned by the laws of thermodynamics (Clarke and Fraser, 2004). Temperature is a significant factor affecting cellular metabolism (Clarke and Fraser, 2004). Metabolic rate of cells is driven directly by the kinetic energy of the cell (Gillooly et al., 2001). Therefore, a higher temperature inevitably leads to a higher metabolic rate (Gillooly et al., 2001). Thermal energy fuels enzymes involved in glycolysis (e.g. hexokinase, phosphoglucose isomerase) and enzymes involved in oxidative phosphorylation (e.g. lactate and pyruvate dehydrogenases) (Daniel et al., 2008). Therefore, with increased thermal energy, collision of the substrates with the active site of the enzyme is increased and as a consequence ATP production increases, increasing metabolism (Daniel et al., 2010). Sperm metabolism fuels motility and therefore changes such as temperature can be used to increase or decrease metabolism and motility. The sperm can then be scanned in these different treatments, which allows us to validate 1H broadband and HR MAS NMR as a method for detecting changes in metabolites. Temperature is an ideal stimulus given that it does not require addition of agents to the sample, preventing masking of potential metabolite peaks in the spectra obtained.

Exposure to alphachlorohydrin (ACH) results in rapid reversible male infertility (Zhang et al., 2012) in various mammalian species including rats (Jones et al., 1969), rams (Kreider and Dutt, 1970), boars (Johnson and Pursel, 1972), and primates (Kirton et al., 1970). ACH specifically inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDS) (Frayne et al., 2009, Miki et al., 2004) and blocks the pathway of glycolysis (Stevenson and Jones, 1984). Glycolysis is argued to be significant resource of sperm ATP (Mukai and Okuno, 2004, Williams and Ford, 2001, Nascimento et al., 2008) and therefore, inhibition of glycolysis using ACH is likely to cause a profound reduction in ATP production and consequently sperm motility.  This should then be detectable from analysis of sperm metabolites using 1H broadband NMR. Boar sperm are highly sensitive to ACH making it a suitable inhibitor for these experiments.  
[bookmark: _Toc319648533][bookmark: _Toc373754567]4.2 Hypothesis
This chapter has two hypotheses:
1. External influence of metabolism will be measurable using NMR in sperm samples incubated at different temperatures and with/without pharmacological metabolic inhibitors. 
2. There will not be a difference between the results obtained from broadband and MAS NMR in terms of which metabolites significantly differ between treatments.
[bookmark: _Toc319648534][bookmark: _Toc373754568]4.3 Aims
1. Artificially induce changes in sperm metabolism and measure the effect on sperm metabolites using broadband and MAS NMR.
2. Compare the results from MAS and broadband NMR. 
[bookmark: _Toc319648535][bookmark: _Toc373754569]4.4 Material & methods
[bookmark: _Toc319648536][bookmark: _Toc373754570]4.4.1 Sperm preparation
Boar sperm (see section 2.1.1) of high quality and motility were prepared by washing (see section 2.3.1) forming pellets. For the temperature experiments a total of 8 boar samples were analysed whilst in the ACH experiments 6 boar samples were analysed (Figure 4.1). Three pellets from the same boar were combined and re-suspended in 1ml Phosphate Buffered Saline (PBS) giving a sperm concentration >1x107 spermatozoa/ml. This was then incubated differently for each experiment (see sections 4.4.2 & 4.4.3)
[bookmark: _Toc319648537][bookmark: _Toc373754571]4.4.2 Broadband NMR
400μl of sperm suspension was pipetted into a 5mm NMR tube (Bruker Darmstadt, DE) with 10% (v/v) D2O to produce a field-locking signal and 10μl 20mM 3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (TSP), used as a frequency reference. Total number of sperm scanned varied for each sample however, the integral values were standardised for total integral during statistical analysis. All experiments were conducted using a Bruker Avance III 9.4T Scanner with 5mm broadband observe probe. 1H Watergate excitation 
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Figure 4.1: Processing of boar semen (ACH= Alphachorohydrin)

sculpting pulse sequence was used (Table 3.2) (zgppw5; NS=256; DS=2; SWH=8223.685; AQ=2sec; D1=4sec). Metabolite peaks were integrated using the Bruker Topspin package.
[bookmark: _Toc319648538][bookmark: _Toc373754572]4.4.3 MAS NMR
Washed sperm pellets were pipetted into an 80l magic angle insert (Bruker Biospin, Karlsruhe, Germany), with a plug put in place to prevent leakage. A cap and rotor were then fitted and it was placed inside a Zirconium 4mm rotor tube (Bruker Biospin, Karlsruhe, Germany). The acquisition parameters optimised in chapter 3 (see Table 3.2) were: NS: 256, DS: 2, SWH: 11160.74, AQ: 2sec, D1:4sec. The spin rate was approximately 3000Hz. 10μl of 20mmol 3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (TSP) (Sigma aldrich Gillingham, UK) solution was added to all samples to serve as a chemical shift and concentration reference.
[bookmark: _Toc319648539][bookmark: _Toc373754573]4.4.4 Temperature incubation
Immediately after washing, the 8 sperm suspensions were divided into two 500μl samples, one incubated at 21°C and the other 39°C in a thermostatic water bath for 3 hours.  During this time, samples were gently mixed every 30 minutes.
[bookmark: _Toc319648540][bookmark: _Toc373754574]4.4.5 Alphachlorohydrin (ACH) incubation
Sperm from 6 additional boars, prepared as described in section 4.4.3, were divided into two 500μl samples, incubated with/without 50mM ACH (Terrell et al., 2011) in PBS for 1 hours in a thermostatic water bath set to 39°C.
[bookmark: _Toc373754575]4.4.6 Statistical analysis 
A paired t-test was performed to measure the difference between normalised individual metabolite integrals. All statistical analysis was performed using SPSS statistics version 22.
[bookmark: _Toc319648541][bookmark: _Toc373754576]4.5 Results 
[bookmark: _Toc319648542][bookmark: _Toc373754577]4.5.1 Broadband NMR
Using broadband NMR, a total of 6 metabolites were identified in live boar sperm. These were lipid, lactate, arginine+spermine+leucine, glutamine, citrate, fructose (Figure 4.2 & 4.3).
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[bookmark: _Toc373754578]4.5.2 Temperature Incubation
Sperm from 8 individual boars were analysed in this set of experiments. There was no significant difference between the two temperatures for lipid, arginine, spermine and leucine, glutamine and glucose/fructose (Figure 4.6a). There was a significant difference in the metabolite integral of lactate (t=15.46, df=14, p<0.001, (means: 21°C=2.43, 39°C=7.87)) which increased and citrate which decreased in sperm incubated at the higher temperature (t=2.185, df=14, p=0.02, (means: 21°C=4.24, 39°C=3.82) (Figure 4.6a). 
[bookmark: _Toc319648546][bookmark: _Toc373754579]4.5.3 Alphachlorohydrin incubation
A total number of 6 boar ejaculates were analysed in these experiments. There was no significant difference between the two treatments for lipid, lactate, arginine, spermine and leucine, glutamine and citrate. There was a significant difference between the metabolite integrals for glucose/fructose incubated with/without ACH (t=12.73, df=10, p<0.001, (means: UT=81.59, T=29.26)). The integral value for glucose/fructose in the treated sample was significantly lower compared to the untreated sample (Figure 4.6c).
[bookmark: _Toc319648549][bookmark: _Toc373754580]4.5.4 MAS NMR
Using MAS NMR, a total of 6 metabolite peaks, identical to those described above, were identified in live boar sperm (Figure 4.4 & 4.5)
[bookmark: _Toc319648550][bookmark: _Toc373754581]4.5.4.1 Temperature Incubation
Sperm from 8 individual boars were analysed in this set of experiments. There was no significant difference between metabolite integrals for lipid, arginine, spermine and leucine, glutamine, citrate and glucose/fructose incubated at the two temperatures. There was a significant difference in the metabolite integral of lactate t=0.28, df=10, p<0.001, (means: 21°C=3.1, 39°C=7.84). Lactate significantly increased when sperm were incubated at the higher temperature of 39 degrees (Figure 4.6b).
[bookmark: _Toc319648553][bookmark: _Toc373754582]4.5.4.2 Alphachlorohydrin incubation

There was no significant difference for each metabolite integral from sperm incubated in the treated and non-treated samples (Figure 4.6d).
[bookmark: _Toc319648556]
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Figure 4.6: Metabolite integral values for: (a) broadband temperature experiments (n=8) (b) MAS temperature experiments (n=8), (c) broadband ACH experiments (n=6) and (d) MAS ACH experiments.(n=6)  21 refers to samples incubated at 21°C and 39 refers to samples incubated at 39°C. T refers to samples treated with 50mM ACH and UT is untreated. Data shown is mean ± SD. Significance (p<0.05) indicated by *.
(a)
(b)
(c)
(d)

[bookmark: _Toc373754583]4.6 Discussion
The aims of the experiments in this chapter were to artificially induce changes in sperm metabolism and see if it was possible to measure any changes in sperm metabolites using broadband and MAS NMR. Using both methods, 6 metabolites were identified in spermatozoa. As outlined previously, broadband NMR has been used to investigate male fertility by scanning seminal plasma (Hamamah et al., 1998, Gupta et al., 2011a, Gupta et al., 2011c, Gupta et al., 2013) and extracted sperm metabolites from different species including goat (Patel et al., 1998, Patel et al., 1999), boar (Jones and Bubb, 2000, Marin et al., 2003), turbot (Dreann et al., 2000), and rhesus macaque (Hung et al., 2009, Lin et al., 2009) and lyophilised human spermatozoa (Paiva et al., 2015). However, MAS NMR is a relatively novel method of NMR not previously used on sperm. It had been used to study the metabolomics of breast (DeFeo and Cheng, 2010, Bathen et al., 2010) colon (Chan et al., 2009), prostate (Burns et al., 2004), liver (Martinez-Granados et al., 2011) and lung (Rocha et al., 2010) tissue. Neither method (broadband or MAS NMR) has been used to analyse metabolites in live sperm. Therefore, confirmation was needed that the two methods could (i) detect individual live sperm metabolites; and (ii) detect changes in live spermatozoa metabolites that have been experimentally induced.
[bookmark: _Toc319648557][bookmark: _Toc373754584]4.6.1 Broadband NMR
Broadband NMR has not been used to analyse live sperm metabolites. Broadband NMR was used to analyse sperm from the temperature and ACH experiments. The integrals were then standardised to total integral.
[bookmark: _Toc319648558]4.6.1.1 Temperature experiments 
Sperm from the same boar were independently incubated at 21°C and 39°C for 3 hours before scanning. Once analysed, metabolites from sperm incubated at these two temperatures were compared.

Lactate and citrate were the only two metabolites that significantly differed in sperm incubated at 21°C and 39°C (Figure 4.6a). Although metabolic substrates used in the formation of ATP vary between species, mature boar spermatozoa are dependent on lactate for sperm motility (Jones and Bubb, 2000). Boar sperm are almost completely reliant on the glycolytic pathway for the production of lactate which is preferentially oxidised to CO2 over other substrates such as pyruvate, glucose, fructose and glycerol (Jones, 1997). In these experiments the lactate integral increased significantly with increasing temperature (Figure 4.6a) This might suggest that the lactate integral could be used as a biomarker of sperm metabolism, given that it changed significantly with externally induced changes in sperm metabolism using temperature. In contrast, citrate is a prevalent component of mammalian semen however, its function remains unclear (Kamp and Lauterwein, 1995). Previously, it has been used in the assessment of accessory gland secretory function (Jones and Bubb, 2000). It has also been suggested to act as a chelating agent for Ca+, Mg2+ or Zn2+ and act as a pH buffer (Kamp and Lauterwein, 1995). In sperm it has not been previously explored and therefore little is known regarding its function. In these experiments the citrate integral decreased significantly in sperm incubated at 39°C. However, the reliability of citrate as a biomarker of live sperm metabolism is unclear and requires further investigation as its biochemical link to sperm metabolism has also not yet been fully determined.
[bookmark: _Toc319648559]4.6.1.2 ACH experiments
A total of 6 boar ejaculates were analysed in these experiments. Sperm from the same boar were incubated in PBS only or PBS containing the glycolytic inhibitor ACH for 1 hour prior to scanning. Once analysed, metabolites from sperm incubated in the two treatments were compared. 

There was no significant difference in any metabolite integrals between the treated and untreated samples apart from the glucose/fructose integral (Figure 4.6c). These results are surprising as ACH has been found previously to cause rapid reversible male infertility (Zhang et al., 2012) specifically in boar sperm (Johnson and Pursel, 1972). Therefore, it was expected that the lactate integral in sperm from treated samples would be significantly less than untreated, if glycolytic metabolism was taking place. It is understood that glycolytic metabolism is a pathway boar sperm rely on for ATP production (Jones and Bubb, 2000) however, sperm do have the ability to alter their metabolism depending on the substrates and oxygen availability within their environment (Hereng et al., 2011). Therefore, it is possible that boar sperm switched to OXPHOS when glycolysis was blocked using ACH. This would explain the lack of difference in glycolytic products seen between the treated and untreated samples. Previously pathways of glycolysis have been knocked out in mice suggesting the importance of this pathway in sperm metabolism (Miki et al., 2004). It is highly likely that OXPHOS was not operating within the boar sperm and that the sperm themselves died during incubation and did not form any metabolic substrates.

The significant difference in the glucose/fructose peak was expected to correlate with a significant increase in lactate, given that it is a product of glycolytic metabolism in boar sperm. The glucose peak on the NMR spectrum is a complex peak formed from multiple peaks integrated together. This increases the chances of integration error and reduces the accuracy of quantifying the glucose/fructose within the sample. Therefore, it is possible that the significant difference we observe here is a result of integration error. It was expected that the glucose peak would decrease as it represents the endogenous substrates stored within sperm of which there is previous evidence of (Amaral et al., 2011)  The role of exogenous glucose and fructose in sperm metabolism varies between species. It will inhibit capacitation in bull sperm but is required for capacitation in mouse sperm (Turner, 2006).
[bookmark: _Toc319648560][bookmark: _Toc373754585]4.6.2 MAS NMR
MAS NMR has not previously been used to analyse live sperm metabolites. MAS NMR was used to analyse sperm from the temperature and ACH experiments. 
[bookmark: _Toc319648561]4.6.2.1. Temperature experiments 
Live sperm from 8 boar ejaculates were analysed. Sperm from the same boar were independently incubated at 21°C and 39°C for 3 hours before scanning. 

Only the lactate integral significantly differed between sperm incubated at the two temperatures. This is expected given that boar sperm are almost completely reliant on the glycolytic pathway for the production of lactate which is preferentially oxidised to CO2 over other substrates such as pyruvate, glucose, fructose and glycerol (Jones, 1997). These results support the increase in lactate integral described in section 4.6.1.1 where broadband NMR standardised for total integral found a significant difference in lactate. This suggests that using lactate as a biomarker of sperm metabolism could be applied to both broadband and MAS NMR.
[bookmark: _Toc319648562]4.6.2.2 ACH experiments 
 When total integral was used to standardise metabolite peaks, there was no significant difference in any metabolite peaks between treated and untreated samples (Figure 4.6d). This is surprising given that lactate integral was expected to be higher in the untreated samples as glycolysis was not inhibited by ACH. This might also be expected to be accompanied by a significant decrease in glucose as it is converted into lactate. 
[bookmark: _Toc319648563][bookmark: _Toc373754586]4.7 Conclusions
Spermatozoa apoptosis within the scanner was inevitable given that sperm were suspended in substrate free media and exposed to atmospheric conditions. Apoptosis in spermatozoa is poorly understood and differs significantly from apoptosis in somatic cells (Aitken et al., 2015). Primarily there is a sudden increase in the production of mitochondrial ROS and a loss of sperm motility (Koppers et al., 2011). The production of mitochondrial ROS initiates a lipid peroxidation cascade that results in the generation of cytotoxic lipid aldehydes such as 4-hydroxynonenal (4HNE) and acrolein as a result of free radical attacks on the polyunsaturated fatty acids that abound in spermatozoa (Aitken et al., 2012). Lipid peroxidases are strong electrophiles that bind to the nucleophilic centres of proteins in the immediate vicinity (Aitken et al., 2012). Some of these protein targets are molecules associated with the mitochondrial electron transport chain including succinic acid dehydrogenase (Aitken et al., 2012). As a result the electron transport chain is dysregulated causing electrons to leak out which are consumed by oxygen, the universal electron acceptor. This generates superoxide anion which rapidly dimutates to H2O2 which triggers yet more lipid peroxidation. It seems that the oxidative stress initiated by the mitochondria is self propagating, forcing cells down the intrinsic apoptotic pathway (Koppers et al., 2011). As a result, caspases are activated in the sperm cytosol phosphatidylserine is expressed on the surface.  During this cascade, the mitochondrion superoxide anion causes the production of H2O2. This is NMR detectable however, It would resonate at an almost identical chemical shift to that of water. Therefore, it is likely to be supressed in all water supressed spectra used in analysis of sperm metabolites. Furthermore, the amounts of H2O2 produced are likely to be undetectable as the molecule will be interacting immediately with surrounding water. 

Overall both broadband NMR and MAS NMR were able to identify 6 metabolite peaks within live boar spermatozoa. Broadband NMR is equally as sensitive as the same number of metabolite peaks in sperm can be identified however, it is advantageous that this method reduces the risk of damaging the sperm as no high frequency spinning is involved. MAS NMR involves spinning of the sample at a high frequency and thus risks potential of damage to the metabolising sperm. MAS is advantageous given its ability to scan a small volume of very concentrated cells in comparison to broadband NMR where a significantly lower population of cells are diluted in media to reach the required volume for scanning. Having said that, the quality of the spectra from both MAS and broadband NMR are visually similar and thus integration is similarly as challenging in both of them. MAS NMR is a delicate process involving loading of the sperm sample into the rota and balancing of the sample. This is often time consuming and accompanied by the risks of cell damage due to the velocity of the spinning, it does not seem practical to continue using this method for the study of live sperm metabolism. Broadband NMR was highly practical and gave adequate signal to noise ratio to allow identification and integration of metabolite peaks present in boar sperm. It is ideal for the future analysis of live sperm metabolism through the addition of isotopically labelled substrates into the volume of media and sperm required for broadband analysis. Broadband NMR is suitable for the analysis of sperm suspension and seminal plasma of larger volumes. Therefore it will be ideal for the study of all aspects of the male ejaculate including sperm and seminal plasma in subsequent chapters.
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[bookmark: _Toc373754587][bookmark: _Toc319648565]5.0: Comparison of human sperm and seminal plasma metabolites using 1H broadband NMR


























[bookmark: _Toc319648566][bookmark: _Toc373754588]5.1 Introduction

In the previous chapter it was shown how NMR could be used to examine the metabolites present inside live spermatozoa and that it could detect changes in metabolite peaks when metabolism was externally manipulated. Broadband NMR was found to be advantageous as it is poses less of a risk of damaging the live spermatozoa whilst scanning. So far, six metabolite peaks have been identified in live boar spermatozoa and of these, lactate, a product of glycolysis, appears to change according to the rate of metabolism within spermatozoa. This is promising with regards to NMR being implemented as a technique to monitor live sperm metabolism however, spermatozoa form only a small fraction of an ejaculate. 

An ejaculate is made up of multiple secretions from two main sections of the male reproductive system. First, seminal plasma consists of a mixture of secretions from the prostate, seminal vesicles and a smaller percentage form the Wolffian ducts and epididymis (Mann, 1951) which represents the function of these accessory organs. In contrast, spermatozoa pass through the epididymis, form within the testes and thus represent the function of these organs. It is important to highlight that the contributions from these separate entities are biochemically distinct and that they combine upon ejaculation. Therefore, it seems paramount that their function in relation to fertility be investigated separately using NMR and then compared.

In vivo, sperm with fertilising potential are separated from immotile sperm, debris and seminal plasma in the female reproductive tract by active migration through cervical mucus (Suarez and Pacey, 2006). Separation of an ejaculate in vitro is termed sperm washing (see section 2.2.1) and uses density gradient centrifugation to separate an ejaculate into three distinct parts: (i) seminal plasma (SP); (ii) high motility; and (iii) low motility spermatozoa. Clinically, sperm washing is used to separate the highly motile sperm from the ejaculate (Henkel and Schill, 2003) which are then used in multiple ART techniques, whilst the other fractions are normally discarded. In this chapter, one of the discarded fractions (SP) is considered in more detail to determine if it provides additional information about spermatozoa metabolism in relation to ejaculate phenotype.

The biochemical composition of seminal plasma includes fructose, zinc, acid phosphatase, free l-carnitine and alpha 1,4 glucosidase, and glycerophosphorylcholine (Gupta et al., 2011b). Such information has been obtained by classical biochemical analysis with varying degrees of sensitivity (Soufir et al., 1981, Guerin et al., 1986, Mieusset et al., 1988, Cooper et al., 1990, Yeung et al., 1990, Bujan, 1995). Many of these biochemical markers relating to the accessory organs have been largely investigated but few have proven clinically useful (Hamamah et al., 1998). 

Analysis of human seminal fluid by NMR has recently become possible due to advances in high field NMR technology (Irvine, 1998). These developments have allowed a higher degree of sensitivity with increased observation frequency. Not only can components of seminal plasma be identified, but acquisition of qualitative and quantitative metabolic information can be obtained in reasonable time and concentrations of clinical relevance determined (Gupta et al., 2009, Ranjan et al., 2006). Moreover, the information obtained can be used to identify infertility (Hamamah et al., 1998). 

Previous research has successfully classified signature biomarkers of male fertility within human seminal plasma (Gupta et al., 2011b). This research suggested that alanine, citrate, GPC, tyrosine and phenylalanine could be used to determine infertility in the human male. It has also been used to distinguish between spermatogenic failure and obstructive azoospermia and different forms of spermatogenic failure on the basis of GPC/choline ratio (Hamamah et al., 1998). However, the ratio of GPC, choline and other metabolites does not provide a complete picture of the metabolic profile of infertility, given that the spermatozoa themselves are not analysed. 

Although seminal plasma metabolites are a promising avenue of research into diagnosis of male infertility, consideration of the spermatozoa metabolism and function is essential to build a complete description of ejaculate metabolism and its relationship with male fertility.

Our knowledge of sperm metabolomics remains descriptive of a snapshot of sperm metabolism at the point where the sperm were lyophilised.  Furthermore, the immotile sperm metabolites have not been compared to the motile sperm metabolites within the same ejaculate. Seminal plasma metabolites have also not been compared to motile and immotile sperm metabolites within an ejaculate leaving gaps in our knowledge regarding the reliance of spermatozoa on external nutrition from seminal plasma and differences in sperm metabolites from immotile and motile sperm. Furthermore, metabolic analysis of an ejaculate from the same male over time has not been performed previously using NMR.

Therefore, this chapter will examine the metabolites found in seminal plasma as well as high motility and low motility spermatozoa following separation in vitro by density centrifugation. Differences in metabolites between seminal plasma, motile and immotile sperm will be investigated and possible correlations identified. Furthermore, metabolites within each of the ejaculate constituents will be compared across classifications of the ejaculate (normozoospermic, oligozoospermic and asthenozoospermic) and multiple ejaculates from the same donor will be compared over time
[bookmark: _Toc319648567][bookmark: _Toc373754589]5.2 Hypotheses
[bookmark: _Toc319648568]The metabolite integral of a single donor will not differ significantly over time, but metabolites within seminal plasma, high motility spermatozoa and low motility spermatozoa will significantly differ between normozoospermic, oligozoospermic and asthenozoospermic ejaculates. The metabolite integrals will also significantly differ between seminal plasma, high motility and low motility spermatozoa from normozoospermic samples.
[bookmark: _Toc373754590]5.3 Aims

1. Characterise the 1H metabolite profile of human seminal plasma, high and low motility spermatozoa from normozoospermic, oligozoospermic and asthenozoospermic ejaculates.
2. Compare the 1H metabolic profile multiple ejaculates from single donor over time.
3. Perform statistical comparison of seminal plasma, high motility and low motility spermatozoa metabolites from normozoospermic, oligozoospermic and asthenozoospermic ejaculates.
[bookmark: _Toc319648569][bookmark: _Toc373754591]5.4 Materials and methods
[bookmark: _Toc319648570][bookmark: _Toc373754592]5.4.0 Donor recruitment 
A total of 45 ejaculates were processed for scanning (Figure 5.1), of which 38 were normozoospermic, 3 were oligozoospermic and 4 were asthenozoospermic.
[bookmark: _Toc319648571][bookmark: _Toc373754593]5.4.1 Semen analysis
Semen analysis was performed on each ejaculate (see section 2.2). Sperm concentration and motility were performed on the raw ejaculate and the motile sample after density centrifugation prior to scanning. Sperm concentration was determined on the immotile sperm fractions prior to scanning.
[bookmark: _Toc319648572][bookmark: _Toc373754594]5.4.2 Preparation of sample for NMR
[bookmark: _Toc319648573]5.4.2.1 Seminal plasma
Seminal plasma was removed following the first centrifugation during sperm washing (see section 2.3). They were then frozen at -80°C until NMR analysis could be performed. When necessary, the seminal plasma was thawed at room temperature for 30 minutes and centrifuged for 10 minutes at 1000g to remove any residual sperm. The supernatant was removed and prepared for NMR scanning (see section 2.4).

[bookmark: _Toc319648574]
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5.4.2.2 Low quality spermatozoa
Low motility spermatozoa were present at the 80/40 Puresperm interface following the first centrifugation of sperm washing (see section 2.5.3). They were easily extracted using a Pasteur pipette (Greiner bio-one, Stonehouse, UK) subjected to MACS purification (see section 2.6). The sperm were then centrifuged for 10 minutes at 1000g, the supernatant removed and the immotile sperm pellet re-suspended in 2ml PBS 1x. This was then centrifuged at 500g for a further 10 minutes, the supernatant removed and the immotile sperm pellet re-suspended in 2ml PBS 1x ready to be used in NMR acquisition (see section 2.5.3) (n=7 from normozoospermic samples).
[bookmark: _Toc319648575]5.4.2.3 High quality spermatozoa 
High motility spermatozoa formed a pellet post sperm wash (see section 2.3) which was subjected to MACS purification (see section 2.6) before being re-suspended in 2ml PBS 1x ready to be used in NMR acquisition (see section 5.2.3) (normozoospermic n=19, oligozoospermic n=3, asthenozoospermic n=4).
[bookmark: _Toc319648576][bookmark: _Toc373754595]5.4.3 NMR 
400μl of each sample of seminal plasma (see section 5.4.2.1), low motility spermatozoa (see section 5.4.2.2 and or high motility spermatozoa (section 5.4.2.3) were pipetted into a 5mm glass tube along with 10% (40μl) D2O and 10μl TSP reference. Samples were allowed to equilibrate for 10 minutes once in the scanner at 37°C. Acquisition parameters were: NS= 256, Aq= 1, D1=4.

5.4.4 Statistical analysis 
All statistical analysis was performed using SPSS statistics version 22.
5.4.4.1 Intra ejaculate variation
Donor 1 ejaculated 4 times, 1 week apart and donor 2 ejaculated 3 times one week apart to investigate intra ejaculate variation.
5.4.4.2 Seminal plasma, high motility and low motility fractions
A Multivariate ANOVA (MANOVA) was performed to collectively compare the integral values for the three ejaculate fractions simultaneously with the three fertility classifications. 
[bookmark: _Toc319648577][bookmark: _Toc373754596]5.5 Results
Figure 5.2a shows the 1H NMR spectra of a metabolic profile and chemical shift assignments of difference resonances in seminal plasma of a normozoospermic sample. Resonance signals of various metabolites in seminal plasma were assigned using known chemical shifts and coupling constant parameters (Gupta et al., 2011b, Gupta et al., 2011a, Tomlins et al., 1998a, Hamamah et al., 1998, Lynch et al., 1994). A total of 14 metabolites were identified including valine, isoleucine, leucine-0.05-1.37ppm, lactate-1.33ppm, alanine-1.47ppm, arginine, spermine, leucine-1.58-1.83ppm, glutamine-2.37ppm, glutamate, citrate-2.55ppm, choline-3.21ppm, Glycerophosphorocholine (GPC)-3.23ppm, uridine-7.84ppm, tyrosine-6.88ppm, histidine-7.01, and phenylalanine-7.3-7.44ppm) and their quantities estimated by integrating their resonances. Figure 5.2b and 5.2c shows the 1H NMR spectra and metabolic profile of high motility and low motility spermatozoa respectively. Resonance signals of spermatozoa metabolites were assigned in the same way. Eight metabolites comprising of six peaks (lipid-0.9ppm, lactate- 1.33ppm, arginine, spermine, leucine-1.58-1.83ppm, glutamine-2.37ppm, citrate-2.55ppm, and glucose/fructose-3-4ppm) were present and their quantities estimated by integrating their resonances. All normalised integrals were then subject to statistical analysis.
[bookmark: _Toc319648578][bookmark: _Toc373754597]5.5.1 Intra donor ejaculate comparison
Spermatozoa metabolites across normozoospermic ejaculates for the same donor (intra donor ejaculate comparison) were plotted for visual comparison (Figure 5.3) for two donors. Donor 1 (n=4) showed little variability in all metabolites in ejaculates across a four-week period. Glucose and fructose did increase slightly in week two and then decrease at week three in donor 2 (Figure 5.3)




Figure 5.2 (a): Human seminal plasma 1H metabolite spectrum, (b) high motility spermatozoa metabolite spectrum, (c) low motility spermatozoa metabolite spectrum from a normozoospermic ejaculate. 
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[bookmark: _Toc319648579][bookmark: _Toc373754598]5.5.2 Seminal plasma
For the comparison of metabolites between the 3 classifications (normozoospermic, oligozoospermic and asthenozoospermic) (Figure 5.4) a multivariate ANOVA was performed (MANOVA) for the difference in means. Under Hotelling’s trace with an F28,52 =0.749 null hypothesis was not rejected (p=0.842) i.e. there is no difference in the mean integral value for all metabolites across all three classifications. 
[bookmark: _Toc319648580][bookmark: _Toc373754599]5.5.3 High motility spermatozoa 
Highly motile spermatozoa from 19 normozoospemric, 3 oligozoospermic and 4 asthenozoospermic were analysed and a total of 6 metabolite peaks were identified which were lipid, lactate arginine + apermine, + leucine (one peak), glutamine, citrate and glucose/fructose. For the comparison of metabolite integrals between the three classifications a multivariate ANOVA (MANOVA) for the difference in means was performed. Under Hotelling’s Trace with an F12, 26 =0.822 the null hypothesis was not rejected (p=0.26) indicating there is no difference in mean integral value for all the metabolites across all classifications (Figure 5.5).
[bookmark: _Toc319648587][bookmark: _Toc373754600]5.5.4 Low motility spermatozoa
Immotile spermatozoa from 7 normozoospermic males and no other classifications were analysed (Figure 5.6). A total of 6 metabolite peaks were identified in spermatozoa. 
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Figure 5.4: Comparison of seminal plasma metabolites normalised using total integral from: normozoospermic samples (N;n=38), oligozoospermic samples (O;n=3), asthenozoospermic samples (A;n=4). Bars represent mean integral value ± SD. 

[bookmark: _Toc319648588][bookmark: _Toc373754601]5.5.5 Seminal plasma, high motility and low motility sperm metabolite comparison
A total of 14 metabolite peaks were identified in seminal plasma (sees section 5.5.2) and 6 metabolite peaks were identified in immotile and motile spermatozoa (see sections 5.5.3 & 4). For the comparison of metabolites across all three ejaculate fractions, 6 metabolites found in both motile and immotile spermatozoa were compared (Figure 5.7) whilst only 4 were compared between seminal plasma and motile and immotile spermatozoa. A multivariate ANOVA (MANOVA) test was performed for the difference in metabolite integral means. Under Hotelling’s Trace with an F12, 14 =0.822 statistic the null hypothesis was not rejected (p=0.096) suggesting there is no difference between the mean integral values between the three ejaculate fractions for the 4 metabolites. For the comparison of high motility and low motility spermatozoa only, a multivariate ANOVA (MANOVA) was performed for the difference in the 6 metabolite integral means. Under Hotelling’s Trace with an F,0.23, 5.6 =2.17 the null hypothesis was not rejected (p=0.147) suggesting there is no difference in mean integral value for all 6 metabolites between motile and immotile spermatozoa.
[bookmark: _Toc319648589][bookmark: _Toc373754602]5.6 Discussion
Current metabolomic analysis of an ejaculate and its correlation with male fertility lacks an understanding of inter ejaculate variability, the composition of seminal plasma and its relationship with sperm metabolites, live spermatozoa metabolism, and comparison of motile and immotile spermatozoa metabolites. Identification of biomarkers of male fertility have previously only been accomplished by analysing human seminal plasma (Gupta et al., 2011b, Gupta et al., 2011a) from males with oligozoospermic and normozospermic ejaculates. However, as discussed previously, seminal plasma is representative of the accessory organs and the function of the testes and epididymis cannot be measured unless metabolites from spermatozoa are analysed as well.




Figure 5.5: Comparison of high motility sperm metabolites from the sperm pellet after density centrifugation from normozoospermic samples (N) n=19, oligozoospermic samples (O) n=3, asthenozoospermic samples (A) n=5. Bars represent mean integral value ±SD. 
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Figure 5.6: Low motility sperm metabolites from sperm collected at the 40/80 interface following density centrifugation. Bars represent mean integral ±SD.
Figure 5.7: Comparison of metabolites from high motility, low motility and seminal plasma fractions from the same donor. Total number of donors =3. Motile spermatozoa were collected from the pellet formed following density centrifugation, immotile spermatozoa were collected at the 40/80 interface following density centrifugation. And seminal plasma was removed from the top of the column following density centrifugation. Bars represent mean integral value ±SD.

The experiments in this chapter aimed to characterise the metabolite profile of human seminal plasma, high and low motility sperm from human ejaculates. It aimed to compare the metabolic profile of spermatozoa from multiple ejaculates from a single donor over time. Furthermore, it aimed to compare seminal plasma, high and low motility spermatozoa metabolites from normozoospermic, oligozoospermic and asthenozoospermic ejaculates. Finally it aimed to compare seminal plasma, motile and immotile spermatozoa from a single ejaculate in a number of donors. 
[bookmark: _Toc319648590][bookmark: _Toc373754603]5.6.1 Inter donor comparison
1H broadband NMR successfully identified 6 metabolites within human spermatozoa. These were then compared between ejaculates over time for the same donor. The aim of this experiment was to identify potential significant differences in metabolites in multiple ejaculates from the same male. Both donors for the longitudinal study were normozoospermic and were informed that 48 hours abstinence was required before sample production and samples were collected one week apart. A significant change in metabolites over time would suggest that the metabolic profile of an individual male’s sperm is variable and therefore analysis of the metabolites using NMR would be less reliable at identifying a biomarker of male infertility. This was not the case as visually there appears to be little difference in spermatozoa metabolites over ejaculates from two donors and (see section 5.5.1). In contrast to these findings, previous literature has suggested that there is significant inter-ejaculate variability in semen parameters in fertile, infertile and men with cancer (Nallella et al., 2004). Over a one-year period, there was also a significant difference found in semen parameters between ejaculates from the same male (Mallidis et al., 1991). This is further supported by research suggesting that there was a significant difference in semen parameters within subjects over a 10 week period (Alvarez et al., 2003). Research further suggests that semen parameters significantly differ between ejaculates within a male (Cooper et al., 1991, Knuth et al., 1988, Poland et al., 1985, Poland et al., 1986, Schrader et al., 1991, Wijchman et al., 2001, Schwartz et al., 1979). Reasons for this experiments results differing from previous findings from the literature could be related to the small sample size of only two donors compared over a 4-week period however previous studies focussed on results from semen analysis no the metabolic profile of an ejaculate.
[bookmark: _Toc319648591][bookmark: _Toc373754604]5.6.2 Seminal plasma
Current seminal fluid based clinical descriptor variables are inefficient for predicting fertility (Menkveld et al., 2001). A number of studies have demonstrated the potential use of NMR in the identification of seminal plasma constituents and have attempted to use the ratio of metabolites in the diagnosis of fertility (Tomlins et al., 1998b, Hamamah et al., 1998, Lynch et al., 1994, Maher et al., 2008). Seminal plasma, one of the three fractions of the ejaculate analysed in these experiments, was analysed from 38 normzoospermic, 3 oligozoospermic and 4 asthenozoospermic ejaculates. A total of 14 metabolites were identified from 17 metabolite peaks. Statistical analysis suggested that there was no overall significant difference in mean metabolite integrals between the 3 classifications of ejaculate (p=0.842) (section 5.5.2), which is contrary to the finding of previous literature.
[bookmark: _Toc319648592][bookmark: _Toc373754605]5.6.3 High motility spermatozoa
The metabolite integrals were compared across high motility spermatozoa from 19 normozoospermic, 3 oligozoospermic and 4 asthenozoospermic ejaculates. Following statistical analysis, there was no significant different between high motility spermatozoa metabolite integrals across classifications (p=0.26) (section 5.5.3). Characterisation of a metabolite profile of human spermatozoa has been reported before (Paiva et al., 2015). In this previous report, a total of 38 metabolites were identified using 1H NMR. Reasons for the higher number of metabolites identified are that the study pooled ejaculates to achieve a high cell number after washing, followed by methanol extraction of metabolites from spermatozoa by lyophilsation. The frequency of the NMR scanner used was also higher (600MHz compared to 400MHz used in this study). Of the 6 metabolites identified in this study, 4 were also identified in the previous study including lactate, leucine, glutamine and glucose/fructose. Lipid and citrate, identified in experiments in this thesis were not found in other literature. The previous study focussed on classification and identification of the human sperm metabolome and therefore, there does not appear to be any current publications that draw comparisons of sperm metabolites across classifications of male fertility. Lactate is a known product of aerobic glycolysis in mammalian sperm metabolism, it is expected that there will be a lower amount of lactate asthenozoospermic samples. On the other hand, ejaculates were washed and the motile fraction analysed. Therefore, one might expect there to be no significant difference between motile spermatozoa from the three classifications of ejaculate due to the selection of the highest quality spermatozoa in the ejaculate by washing.
[bookmark: _Toc319648593][bookmark: _Toc373754606]5.6.4 Low motility spermatozoa
The low motility sperm fraction could not be compared between classifications of ejaculates, as the low motility sperm fraction was only removed from seven normozoospermic ejaculate washes. 
[bookmark: _Toc319648594][bookmark: _Toc373754607]5.6.5 Comparison of seminal plasma, high and low motility sperm metabolites
Overall 6 metabolites were identified in high and low motility sperm and 14 in seminal plasma. Four metabolite peaks could be compared between the seminal plasma and sperm fractions including lactate, arginine+spermine+leusine, glutamine and citrate. Comparison of the three fractions showed that there were no significant differences between these four metabolites (F8,24=16.269, p=0.096). Focusing on just the high and low motility spermatozoa, the seminal plasma metabolites were excluded and the 6 metabolites identified within the sperm were compared. Once again no significant difference was found for the six sperm metabolites from the high and low motility fractions (F6,24=102.913, p=0.147). It is disappointing that a higher number of metabolites identified in seminal plasma could not also be identified in spermatozoa for comparison. In previous literature, 38 sperm metabolites have been identified (Paiva et al., 2015) and 17 seminal plasma metabolites have been identified (Gupta et al., 2011b, Gupta et al., 2011a). As mentioned previously, the study identifying 38 sperm metabolites was not conducted on live sperm but on the metabolic extracts of a high concentration of sperm pooled prior to metabolite extraction. Therefore, given a higher cell number in these experiments, comparison between a higher numbers of metabolites could be possible with the hope of identifying differences in metabolites in difference fractions of the ejaculate. In a more comparable recent study, choline/GPC and lactate/lipid regions of live sperm 1H NMR spectra were significantly different between high motility sperm (from a pellet formed by density centrifugation) and low motility sperm (collected at the 40% interface) (P< 0.0001), in a very similar method to the experiments of this chapter (Reynolds et al., 2017). Despite similar methods being used, results from this study and the experiments in this chapter differ. Reasons for this could relate to the low number of donors used in comparison experiments in this chapter (n=3) compared to n=20 in the studies by Reynolds et al. Furthermore, Reynolds et al investigated and suggested that two washes were needed, following density centrifugation with Percoll in order to remove the residual seminal plasma from sperm at both the 40% and 80% interfaces. In the experiments for this thesis, sperm were taken from either interface, re-suspended in PBS and washed once. This was highlighted as not sufficient in removing residual seminal plasma by Reynolds et al and therefore might explain why no significant difference was identified between the three ejaculate fractions.

Unexpectedly, there was no significant difference in lactate across the three fractions. It was expected that the amount of lactate in the motile spermatozoa compared to the seminal plasma and immotile spermatozoa would be higher given that these motile cells would be converting substrates into lactate via aerobic glycolysis however, lack of complete washing of seminal plasma (as described above) may also explain a lack of difference in individual metabolite peaks such as lactate.

Arginine+spermine+leucine is a combination of three overlapping metabolite peaks. In previous literature (Gupta et al., 2011b) this was not quantified due to the overlapping of the three peaks making it difficult to assign to one metabolite for any potential significant change in metabolite integrals. In the experiments carried out for this thesis, the peak representing these three metabolites was integrated and quantified as one peak however, no conclusions can be made regarding which peak out of the three was individually changing in the spermatozoa in these experiments.  

Citrate is a characteristic constituent of mammalian semen (Kamp and Lauterwein, 1995) , in particular the seminal plasma. Therefore, its integral value was expected to be higher in the seminal plasma fraction in comparison to motile and immotile spermatozoa. Once again, reasons for this lack of difference are likely to relate to sample size. There were thirty eight seminal plasma samples scanned in comparison to nineteen motile and seven immotile spermatozoa. A larger sample size would be necessary to improve the reliability of the outcome of the results.
Variation in the data as seen in Figures 5.4 and 5.5 could be explained by spectral integration using the TopSpin software. Integration by this method involves the user selecting an area of the spectrum either side of the metabolite peak where there appears to be no other peaks (just baseline spectral noise). This method appears less accurate when metabolite peaks are broader or when integrating those metabolite peaks that are in busy chemical shifts of the spectrum. Furthermore, precise calibration of the chemical shift is required by the user telling the software the exact chemical shift at which the reference compound peak resonates. An alternative to this method of metabolite peak quantification would be spectral binning used in subsequent NMR sperm metabolites studies. Here, the entire spectrum is integrated at intervals defined by the user (e.g. 0.2ppm). Therefore changes in metabolites peaks will appear within these defined bins making quantification and comparison more accurate. In all comparisons there was an unequal number of subjects in each  Furthermore, the variation may also be biological in that sperm and seminal plasma from different subjects differs highly in its metabolite quantity and composition making classification of signature biomarkers for sub fertility types less likely.   

In this chapter, the metabolite integrals from multiple ejaculates from the same donor have been compared over time. 14 seminal plasma metabolites have been identified and compared over the three classifications of male fertility. The motile sperm separated during density centrifugation has also been compared across ejaculate phenotypes. All three fractions of the male ejaculate including seminal plasma, high and low motility sperm have been separated and independently scanned and compared within males. Analysis of spermatozoa metabolites has been performed on live sperm. To our knowledge this is the first set of experiments analysing live sperm metabolites however, the spectra acquired here are still just snapshots of the metabolite profile of sperm at different time points. In the next chapter, the metabolic rate of live spermatozoa will be monitored in real time using labelled substrates will be presented. These substrates can then be tracked as they are metabolised by spermatozoa allowing visualisation and quantification live sperm metabolism including the metabolic intermediates and products in real time.
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[bookmark: _Toc373754608][bookmark: _Toc319648597]6.0: Spermatozoa Metabolism in Real Time
























[bookmark: _Toc319648598][bookmark: _Toc373754609]6.1 Introduction
In the previous chapter, differences in spermatozoa and seminal plasma metabolites were identified from ejaculates of varying phenotypes. This suggests that NMR has the potential to measure metabolite content within ejaculate constituents, however the significance of this in understanding fertility is still in its infancy. Seminal plasma metabolites have been previously investigated and biomarkers of male fertility identified. However, little attention has been paid to spermatozoa metabolites when using NMR as an analysis technique. Reasons for the disproportionate amount of research focussed on seminal plasma metabolites include its ease of analysis being that it is a liquid and is often ejaculated in volumes greater than 0.5ml, above the minimum required for 1H NMR analysis. The concentration of the metabolites within seminal plasma is easily detectable using NMR. However, spermatozoa are more difficult to measure due to the requirement of a high number of sperm within the sample to achieve a sufficient signal to noise ratio.

An understanding of live sperm metabolism could contribute to the ongoing debate regarding the pathways of metabolism utilised by spermatozoa. This includes production of ATP for motility and for other key processes that occur in the female reproductive tract. For example bull spermatozoa rely on OXPHOS to support capacitation from oxidisable substrates (Hutson et al., 1977, Vandop et al., 1977) whereas human spermatozoa rely on glucose derived ATP from glycolysis for capacitation and hyperactivation (Hoshi et al., 1991, Williams and Ford, 2001) (see section 1.3.4 & 1.3.5), tyrosine phosphorylation (Travis et al., 2001) and fertilisation (Mahadevan et al., 1997) in vitro. Despite these findings, it remains unclear and debated in the field as to whether glycolysis or OXPHOS is the major contributor of ATP needed for fertilisation in humans (Ford, 2006). Use of NMR to monitor the metabolism of substrates in real time could be used to investigate the utilisation of these pathways during these key events in spermatozoa during their journey through the female reproductive tract.

Investigation of spermatozoa metabolism in real time using radioactively labelled substrates has been conducted previously in mouse sperm (Odet et al., 2011). The research focussed on using NMR to track the utilisation of labelled substrates in real time, to investigate the function of the germ cell specific lactate dehydrogenase C (LDHC) gene in sperm ATP production. During this research, glucose and pyruvate consumption were quantified and monitored whilst lactate production was simultaneously quantified. From the isotopically labelled products of metabolism such as lactate, the authors were able to suggest the importance of glycolytic metabolism in the flagellum of mouse sperm and its dependence on the LDHC gene expression to produce ATP for sperm metabolism.

In the final stages of glycolysis, pyruvate kinase catalyses the dephosphorylation of phosphoenolpyruvate into pyruvate. The breakdown of glucose through glycolysis yields two molecules of pyruvate and two net molecules of ATP (Gray et al., 2014). The fate of pyruvate is often reduction to lactate by the enzyme lactate dehydrogenase which reversibly catalyses the reduction of pyruvate to lactate coupled with the oxidation of NADH to NAD+ (Figure 6.1). Pyruvate can also continue into the citric acid cycle where it drives ATP production by oxidative phosphorylation. Here there are many intermediate that it can be converted into including carbon dioxide and bicarbonate (Figure 6.2). This makes it an ideal candidate when choosing a substrate to isotopically label, as there is opportunity for the label to be converted into products of glycolysis and OXPHOS. With the use of pyruvate, metabolic pathways utilised within spermatozoa can be investigated using 13C NMR. Furthermore, pyruvate is known to be metabolised by mammalian sperm (Frenkel et al., 1973) and therefore is suited to both human and boar sperm studies.

Therefore, this chapter will examine the isotopically labelled substrate pyruvate and the subsequently labelled products of boar and human sperm metabolism in real time using 13C NMR. Differences in the amounts of isotopically labelled products will be compared between ejaculate phenotypes. The metabolism of both human and boar sperm will be quantified and monitored in real time.
[bookmark: _Toc319648599][bookmark: _Toc373754610]6.2 Hypotheses
a) 13C pyruvate added to boar and human sperm will be metabolised and its products detectable using 13C NMR. 
b) The integral value for metabolite peaks of products of metabolism will change over time. 
c) The metabolite peaks of products of pyruvate metabolism will differ between the different ejaculate phenotypes in human spermatozoa. 
d) The integral value will also differ between ejaculate phenotypes in the human sperm scanned overnight using 13C NMR.
[bookmark: _Toc319648600][bookmark: _Toc373754611]6.3 Aims
1. Identify the 13C metabolite products of boar and human spermatozoa following the metabolism of 13C pyruvate.
2. Compare the 13C metabolite peaks of products of pyruvate metabolism from boar and human spermatozoa over time.
3. Compare the 13C metabolite products of human spermatozoa from different classes of fertility over time. 
4. Compare the metabolite peaks of products of pyruvate metabolism from human spermatozoa from different classes of fertility from overnight scans.
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[bookmark: _Toc319648601][bookmark: _Toc373754612]6.4 Materials and Methods
[bookmark: _Toc319648602][bookmark: _Toc373754613]6.4.1 Donor recruitment 
A total of 16 ejaculates were processed for scanning (Figure 6.3). Of these 16 ejaculates, 9 were normozoospermic, 2 were oligozoospermic and 5 were asthenozoospermic. Human spermatozoa were washed as described in section 2.3.2. 
[bookmark: _Toc319648603][bookmark: _Toc373754614]6.4.2 Boar Ejaculates
A total of 15 boar ejaculates were processed for scanning (Figure 6.4) and washed as described in section 2.3.1. All boar ejaculates were normozoospermic prior to sperm washing. 
[bookmark: _Toc319648604][bookmark: _Toc373754615]6.4.3 Preparation of sample for NMR
Motile spermatozoa formed a pellet post sperm wash (see section 2.3). The sperm were re-suspended in 400μl PBS and the sperm concentration and motility were calculated (see section 2.2.1.2). Following this 5μl 1M13C urea was added as concentration reference and 40μl D2O was added for field frequency lock. 
[bookmark: _Toc319648605][bookmark: _Toc373754616]6.4.4 NMR Real time metabolic rate
13C NMR spectra were obtained using a Bruker Avance III 9.4T scanner and 5mm BBO probe at 37°C for human and 39°C for boar. Once scanning parameters had been optimised (shimming, resolution), 10μl 1M 13C urea and 50μl 100mM 13C labelled pyruvate was added and acquisition commenced immediately. Six 13C inverse gated spectra were obtained at 20 minute intervals post addition of 13C1 pyruvate (NS: 256, AQ: 0.16sec, D1: 4sec, SWH: 24038). 
[bookmark: _Toc319648606][bookmark: _Toc373754617]6.4.5 NMR overnight acquisition 
Following the real time acquisitions, metabolic pathways of 13C pyruvate were elucidated by acquiring a 13C inverse gated spectrum overnight to give high signal to noise ratio (NS: 10 000, AQ: 2sec, D1: 8, flip angle: 22°). It is likely that following the real time experiments, the sperm would no longer be viable therefore, an overnight scan was performed, acquiring many spectra and adding them together which increased the signal to noise ratio of metabolite peaks, enabling potential metabolites present in smaller quantities to be visible in the spectrum. 


High motility
(n=5)
High motility
(n=2)
Oligozoospermic
(n=2)
Normozoospermic
(n=9)
Asthenozoospermic
(n= 5)
Ejaculates 
n=16
Density Centrifugation 
High motility
(n=9)
Real time
(n=9)
Real time
(n=2)
Real time
(n=5)
Night
(n=6)
Night
(n=1)
Night
(n=4)
Figure 6.3: Recruitment of donors and processing of semen (High motility = high motility spermatozoa pellet formed following density centrifugation, Real time = samples used in time lapse experiment where rate of live sperm metabolism was calculated, Night= overnight NMR acquisition of 10 000 scans for improved spectral signal to noise ratio).


Normozoospermic
(n=15)
Ejaculates 
n=15
Density Centrifugation 
High motility
(n=15)
Real time
(n=15)
Night
(n=13)
Figure 6.4: Processing of boar semen (High motility = high motility spermatozoa pellet formed following density centrifugation, Real time = samples used in time lapse experiment where rate of live sperm metabolism was calculated, Night= overnight NMR acquisition of 10 000 scans for improved spectral signal to noise ratio). 

[bookmark: _Toc373754618][bookmark: _Toc319648607]6.4.6. Statistical analysis
All statistical analysis was performed using SPSS statistics version 22.

A univariate repeated measures ANOVA to measure the differences in metabolites from the same individual across time points, factoring in the different ejaculate phenotypes. A one way ANOVA was performed to measure differences in metabolite integrals from overnight acquisitions between the three ejaculate phenotypes.
[bookmark: _Toc373754619]6.5 Results
[bookmark: _Toc319648608][bookmark: _Toc373754620]6.5.1 Boar real time metabolic rate 
High quality spermatozoa from 15 normozoospermic boars were analysed. Two 13C labelled metabolites were identified in boar spermatozoa (Figure 6.5). These were 13C lactate and 13C bicarbonate. A univariate repeated measures ANOVA was performed to analyse the difference in means for each metabolite across time points. 

As shown in Figure 6.6a, urea remained relatively constant over time, with an average change in LN integral value of 0.001 Integral values/min. Under Greenhouse Geisserwith an F1.05,70  = 1.116 the null hypothesis was not rejected (p=0.207) indicating there is no difference in mean integral value of urea over the 6 time points.

In contrast, pyruvate decreased (Figure 6.6b) with an average rate of change in LN integral value of 0.003/Integral value min. Under Greenhouse Geisserwith an F2.389, 33.450 = 3.936 the null hypothesis was rejected (p=0.002) suggesting there is a significant difference in mean integral value of pyruvate over the 6 time points. 

Lactate increased (Figure 6.6c) with an average rate of change in LN integral value of 0.009 Integral value/min. Under Greenhouse Geisserwith an F3.465, 48.514 = 17.78 the null hypothesis was rejected (p=0.000) suggesting there is a significant difference in mean integral value for lactate over the 6 time points. 
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Figure 6.6: Mean integral value ±SD (n=15) for boar sperm metabolites (a) urea, (b) pyruvate, (c) lactate, (d) bicarbonate over time

Finally, bicarbonate remained constant over time (Figure 6.6d) with an average rate of change in LN integral value of 0.005 integral value/min. Under Greenhouse Geisserwith an F1.219, 17.064 = 1.34 the null hypothesis was not rejected (p=0.272) suggesting there is no difference in mean integral value for bicarbonate over the 6 time points.
[bookmark: _Toc373754621]6.5.2 Boar overnight NMR acquisition 
High quality spermatozoa from 15 normozoospermic boars were analysed. A total of four 13C labelled metabolites were identified including pyruvate, lactate, bicarbonate and carbon dioxide (Figure 6.7).
[bookmark: _Toc319648613][bookmark: _Toc373754622]6.5.3 Human real time metabolic rate
High quality spermatozoa from 9 normozoospermic, 2 oligozoospermic and 5 asthenozoospermic donors were analysed. A total of three 13C1 labelled metabolites were identified in human spermatozoa (Figure 6.8). The rate of metabolite production was calculated and a univariate ANOVA was performed to analyse the difference in mean integral values for each metabolite at each time point across classifications of ejaculate fertility. For example the integral value for lactate at 20 minutes for a normozoospermic sample was compared to the integral value for lactate of an oligozoospermic and asthenozoospermic sample at 20 minutes. There was no significant difference in any of the 3 metabolites at each time point between the 3 ejaculate phenotypes.
[bookmark: _Toc319648622][bookmark: _Toc373754623]6.5.4 Human overnight NMR acquisition
High quality spermatozoa from 6 normozospermic, 1 oligozoospermic and 4 asthenozoospermic were analysed. A total of four 13C labelled metabolites were identified in human spermatozoa including pyruvate, lactate, bicarbonate and carbon dioxide (Figure 6.9). Individual metabolites were analysed separately. 
[bookmark: _Toc319648624]6.5.4.1. Pyruvate 
Following a one-way ANOVA, F2,8, = 3.698, the null hypothesis was not rejected suggesting there is no difference in the mean pyruvate integral value in live spermatozoa from the three ejaculate phenotypes (p=0.073) (Figure 6.10).
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Figure 6.8: Average metabolite integral values from live human spermatozoa: (a) urea (control), (b) pyruvate, (c) lactate, (d) bicarbonate from 3 ejaculate phenotypes: NZ=normozoospermic, OZ =oligozoospermic and AZ= asthenozoospermic. Data shown are means ± SD.


Figure 6.9: Spectrum from overnight scan of the metabolism of 13C pyruvate in human spermatozoa.Lactate, pyruvate, bicarbonate and CO2 can be observed. CO2 appears due to the higher signal to noise ratio as a consequence of 10,000 scans compared to the 256 time course scans.
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Figure 6.10: Average metabolite integral values from the overnight scan of 13C pyruvate human spermatozoa samples from 3 ejaculate phenotypes: NZ =normozoospermic, 
OZ= oligozoospermic and AZ= asthenozoospermic. Data shown are means ± SD.

6.5.4.1.2 Lactate
Following a one-way ANOVA, F2,8, = 0.838, the null hypothesis was not rejected suggesting there is no difference in the mean lactate integral values in live spermatozoa from the three ejaculate phenotypes (p=0.47) (Figure 6.10).
[bookmark: _Toc319648626]6.5.4.1.3 Bicarbonate
Following a one-way ANOVA, F2,8, = 0.61, the null hypothesis was not rejected suggesting there is no difference in the mean bicarbonate integral values in live spermatozoa from the three ejaculate phenotypes (p=0.57)(Figure 6.10).
[bookmark: _Toc319648627]6.5.4.1.4 Carbon dioxide
Following a one-way ANOVA, F2,8, = 0.563, the null hypothesis was not rejected suggesting there is no difference in the mean carbon dioxide integral values in live spermatozoa from the three ejaculate phenotypes (p=0.59)(Figure 6.10).
[bookmark: _Toc319648633][bookmark: _Toc373754624]6.6 Discussion
The aims of the experiments in this chapter were to: (i) identify metabolite products of boar and human spermatozoa following the metabolism of 13C pyruvate, (ii) compare the 13C metabolite peaks of products from pyruvate metabolism from boar and human spermatozoa over time; and (iii) compare the metabolite peaks of products of pyruvate metabolism from human spermatozoa from different ejaculate phenotypes from overnight acquisitions.
[bookmark: _Toc319648634][bookmark: _Toc373754625]6.6.1 Real time sperm metabolism
High quality spermatozoa from fifteen normozoospermic boars were analysed. A total of two 13C labelled metabolites were identified in boar and human spermatozoa, which were lactate and bicarbonate. This is promising as 13C NMR has identified the production of lactate further supporting the presence of glycolytic metabolism in mammalian sperm. It also identified bicarbonate, suggesting that OXPHOS is also operating alongside glycolysis.
[bookmark: _Toc319648635]6.6.1.1 Boar spermatozoa
There was not a significant difference in the urea or bicarbonate integrals but there was a significant decrease in the pyruvate integral over time. Lactate also increased significantly over time. This is expected because the lactate peak can only have been formed from 13C pyruvate that was added. The NMR tube is a closed system and therefore metabolite peaks should change proportionally to each other. The significant increase in the lactate integral suggests that glycolytic metabolism is occurring in the boar sperm, which is in agreement with previous literature regarding mammalian sperm metabolism. (Miki et al., 2004, Ford, 2006, Storey, 2008, Nascimento et al., 2008). Unfortunately in the experiments discussed here, there was no statistically significant increase in bicarbonate, a metabolic intermediate of OXPHOS. Therefore, an involvement of OXPHOS or switching between metabolic pathways is suggested by these results but further investigation is required to support this. 
[bookmark: _Toc319648636]6.6.1.2 Human spermatozoa
High quality spermatozoa from nine normozoospermic, two oligozoospermic and five asthenozoospermic donors were incubated with 13C pyruvate. Comparison of pyruvate, lactate and bicarbonate over time between classes of fertility showed that there was no significant difference in any metabolite at each time point between normozoospermic, oligozoospermic and asthenozoospermic ejaculates. This lack of difference between normozoospermic, oligozoospermic and asthenozoospermic ejaculates suggests that high quality sperm from men with different ejaculate phenotypes may not differ biochemically. This is in contrast to studies of seminal plasma that found multiple metabolites including alanine, citrate, choline, glycerophosphorcholine, tyrosine and phenyalanine could be used to determine fertility (Gupta et al., 2011b). Furthermore lysine, arginine, tyrosine, citrate, proline and fructose in human seminal plasma have previously been used to define idiopathic infertility (Jayaraman et al., 2014). It was expected that pyruvate would be metabolised at a higher rate in sperm from normozoospermic samples compared to sperm from oligozoospermic and asthenozoospermic samples given that the motility of normozoospermic samples is higher and therefore the ATP demands to sustain motility are increased, and require more substrate. It was also expected that the lactate integral would be significantly higher in normozoospermic samples compared to oligozoospermic and asthenozoospermic given that lactate is a product of aerobic glycolysis in the sperm of many mammals (Miki, 2007). It was expected that the lactate integral differed over time as the pyruvate was metabolised and glycolytically converted in lactate during ATP production. Furthermore, the lack of difference between the amount of lactate produced and the ejaculate phenotypes which further supports the idea that high quality sperm selected from normozoospermic, oligozoospermic and asthenozoospermic men are biochemically similar. There was no significant difference in the bicarbonate integral at each time point between normozoospermic, oligozoospermic and asthenozoospermic samples. This suggests that OXPHOS was not utilised as a metabolic pathway within human spermatozoa under the conditions in the scanner.

Overall, human sperm may have metabolised 13C pyruvate but it was not statistically significantly different over time. The spermatozoa may have instead metabolised endogenous substrates making quantification of sperm metabolism using 13C NMR unsuccessful. In addition, reasons for the lack of significant change in metabolites could be explained by possible sedimentation within the NMR tube whilst in the scanner. Initially, the sperm are well mixed and evenly suspended within the media of the sample tube. Over time, they may have sunk due to gravity to the base of the tube which is not within the radio-frequency coils of the NMR scanner. Attempts were made to increase the height of the tube so that the bottom was within the rf coils however, this reduced the spectral quality as it was difficult to shim. Unless sperm are within the radiofrequency coils, their metabolite content cannot be measured. Methods of mixing throughout the 100 minutes would need to be developed so that sedimentation could be ruled out and more accurate monitoring of live sperm metabolism could be achieved.  
[bookmark: _Toc319648637][bookmark: _Toc373754626]6.6.1.3 Human overnight NMR acquisition 
High quality sperm from six normozoospermic, one oligozoospermic and five asthenozoospermic ejaculates were scanned overnight. A total of four 13C metabolites were identified including pyruvate, lactate, bicarbonate and CO2. CO2 is probably now visible in the spectra due to the increased signal to noise ratio which occurs from the increased number of scans. The presence of CO2 and bicarbonate supports the idea that OXPHOS is operating in these sperm under these conditions. 

The pyruvate metabolite integral did not significantly differ between the three ejaculate phenotypes when standardised using total integral and cell number. This was expected given that the time course experiments described in section 6.5.3 indicated that the human sperm were not metabolising exogenous 13C labelled pyruvate and instead could have metabolised endogenous substrates. If a different 13C labelled substrate had been used, such as 13C glucose, we may have expected the asthenozoospermic sperm to have metabolised the substrate at a slower rate and therefore expected to see a significant difference in the substrate integral following an overnight scan. 

Furthermore, the lactate integral also did not significantly differ between the three ejaculate phenotypes when standardised for total integral and cell number. Once again this is not surprising given the given that the time course experiments (see section 6.5.3) indicated that the human sperm were not metabolising exogenous 13C labelled pyruvate and instead could have metabolised endogenous substrates. 

The bicarbonate integral did not significantly differ between ejaculate phenotypes when standardised for total integral and cell number. Furthermore, the CO2 integral, although appears visually more prominent in overnight scans, due to increased signal to noise ratio, did not differ significantly between the three ejaculate phenotypes. 

The substrates metabolised by sperm vary between species (Storey, 2008) however, generally sperm metabolise a variety of substrates including glucose, fructose, mannose and sorbitol (Goodson et al., 2012) and have the ability to metabolise fructose (Murdoch and White, 1968, Rigau et al., 2001) glycerol (Jones et al., 1992), sorbitol (Cao et al., 2009) and acetate through the glycolytic pathway (Frenkel et al., 1973). Therefore, there is potential to investigate sperm metabolism using real time and overnight long scans using 13C NMR of sperm from a variety of species using metabolites specific to the preferred substrate of the species. 
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This thesis planned to investigate the use of NMR to detect and monitor sperm and seminal plasma metabolites and thus determine its suitability for use in the clinical setting. Chapter 1 introduced sperm biology and the complexity of sperm metabolism, highlighting the variation in use of metabolic pathways OXPHOS and glycolysis among mammalian species, substrates metabolised and conditions that influence sperm metabolism. Furthermore, the use of traditional semen analysis was questioned and the failure of sperm function tests to be used routinely in clinical practice was discussed. It also introduced NMR and associated techniques previously employed to investigate disease and metabolism in the clinical setting. Although NMR had been used previously to investigate sperm metabolism, there was only a single study using NMR to investigate live sperm metabolism and therefore the majority of the literature described a snapshot of sperm metabolism. The potential of NMR to observe live sperm metabolism and the information gained from such studies seemed significant enough to warrant further investigation which was the purpose of experiments for this thesis.
Chapter 2 discussed the overall materials and methods employed, applicable to all chapters such as sperm washing, magnetic activated cell sorting and NMR techniques and parameters.
Chapter 3 used boar sperm to show that two NMR techniques required a large amount of essential optimisation before they could be used to investigate sperm metabolism further. Sperm viability in the scanner was also investigated and maximum spectral quality was achieved given the trade off between acquisition time, number of scans and sperm viability.
Chapter 4 investigated the ability of broadband and MAS NMR to detect changes in boar sperm metabolites when external stimuli including temperature and a pharmacological agent were used to stimulate a change in metabolism.  6 metabolites were identified using both NMR techniques and significant differences in lactate and citrate were observed when standardising metabolite integrals using total integral in the temperature experiments. This suggested that lactate could be a biomarker of sperm metabolism. When using alphachlorohydrin to alter sperm metabolism, there was a significant difference in the glucose/fructose peak. Broadband NMR was both sensitive enough to detect metabolites with the benefit of simplicity compared to Magic Angle Spinning NMR. Therefore, broadband NMR was taken forward for use in future experiments.
 Chapter 5 investigated the metabolite content of high motility sperm form multiple ejaculates from the same male, and compared the metabolite content of high and low motility sperm and seminal plasma from multiple males of different classes of fertility. Results showed that there was no significant difference in intra ejaculate high motility sperm metabolites over time. Surprisingly no significant difference was found in high motility sperm from ejaculates of different phenotypes. Glutamate was the only seminal plasma metabolite that significantly distinguished asthenozoospermic ejaculates from normozoospermic and oligozoospermic.
Chapter 6 began the use of more sophisticated methodology using NMR to track the metabolism of labelled substrates in real time during their consumption by metabolising boar and human spermatozoa. Carbon 13 labelled pyruvate was metabolised and its metabolic products observed in sperm from varying classes of fertility. Pyruvate, lactate, and bicarbonate were identified from short time lapse experiments suggesting that glycolytic and OXPHOS metabolism pathways were being utilised. CO2 was identified in longer scans further supporting sperm utilising OXPHOS alongside glycolysis. No significant difference was identified in human spermatozoa from different classes of fertility in terms of rate of 13C pyruvate consumption. 

NMR can detect sperm and seminal plasma metabolites 
Previous research investigating the metabolite content of live spermatozoa using NMR consists of only 1 paper (Reynolds et al., 2017) alongside another that extracted sperm metabolites (Paiva et al., 2015). The studies by Paiva et al have proven successful in increasing our knowledge of the metabolic content of sperm and how this relates to their function and choice of metabolic pathway (Paiva et al., 2015). Furthermore, Reynolds et al further optimised sperm washing techniques to more accurately identify liver sperm metabolites, reducing spectral contamination by residual seminal plasma. For diagnosis of male infertility or development of a more advanced sperm function test, methods used by Paiva et al are adequate. A snapshot of sperm metabolite content, with further research, could be enough to classify a mans ejaculate as ‘good’ or ‘poor’ provided thresholds were defined for significant metabolites. However, results from Reynolds et al went further to show that there was a statistically significant difference in choline/GPC and lactate/lipid regions of live sperm metabolite spectrum from high motility, low motility and seminal plasma ejaculate fractions after washing. The difference in results could be explained by sample size (n=3 for Chapter 5 experiments compared to n=20 in Reynolds et al). The results of this thesis combined with previous research supports the use of NMR as a diagnostic technique however, It is clear that the link between the metabolic profile of a male and his fertility requires further confirmation. Although defining the metabolic content of spermatozoa is interesting and requires further work, is it enough to truly understand sperm function? The answer is no. In the same way that traditional semen analysis provides a visual description of an ejaculate, the metabolite content of sperm does not go far enough to investigate reasons for sperm dysfunction. The metabolite profile of sperm at one time point achieved using NMR is not enough to understand sperms ability to function through out the entire female reproductive tract. Consider hyperactivation, which takes place when semen pools in the vagina, this process is dynamic and the sperm do not switch between activated and hyperactivated motility instantly. The sperms metabolism may surge and therefore need to be monitored in real time to fully understand the requirements of the sperm in vivo for possible monitoring or replication using therapeutics in vitro. Furthermore, capacitation, the acrosome reaction and even fertilisation could potentially be metabolically profiled with the use of real time NMR. These are essential to conception and therefore future investigation of such processes is a priority over development of another sperm function test. Furthermore, development of therapeutics to supplement defective spermatozoa with metabolites they lack could be developed from the monitoring of real time sperm metabolism using NMR. The substrate requirements of spermatozoa could be highly variable through out their journey through the female reproductive tract and consequently analysis of this cannot be achieved on lysed unviable sperm. 

The previous use of NMR to investigate male fertility includes studies on seminal plasma (SP) and dead spermatozoa metabolites. Seminal plasma is an important component of semen, providing a survival medium for sperm transport from ejaculation to deposition in the vagina (Juyena and Stelletta, 2012). However, this view has come under scrutiny given the advent of assisted reproductive technologies where washed sperm can fertilise the oocyte and result in viable embryos when the female reproductive tract has not come into contact with the SP (Juyena and Stelletta, 2012). On the other hand, studies in livestock have shown that storage of sperm with SP removed or diluted results in lower fertility rates than with natural mating (Tummaruk et al., 2000). Evidence does suggest that SP components contribute to key events related to sperm function, fertilisation and embryo development in the female reproductive tract (Juyena and Stelletta, 2012), however, an understanding of the effects of SP ingredients on spermatozoa is contradictory. The chemical composition of SP varies among species, among males within a species and among ejaculates of the same males (Killian et al., 1993, Aurich et al., 1996). Furthermore, differences in the composition of SP may be due to environmental factors including diet, enzymes present in SP and the metabolic activity of spermatozoa suspended in SP (Juyena and Stelletta, 2012). Therefore, analysis of SP must be unique to an individual and generalisations about SP metabolites and fertility cannot be made. A man may lack metabolite A in his SP but his sperm may preferentially metabolise metabolite B whilst another man’s sperm may require metabolite A for metabolism and function. Although previous research has analysed only SP using NMR (Gupta et al., 2011b, Gupta et al., 2011a, Sharma et al., 2001, Damai et al., 2010) (bearing in mind that SP should always be classed as a separate entity to spermatozoa), research should focus on the analysis of both components of semen. Chapter 5 achieved this by analysing the high and low quality spermatozoa and seminal plasma within an ejaculate from one male. Statistical analysis suggested that there was an overall significant difference in mean metabolite integrals between the 3 ejaculate phenotypes. Further statistical analysis suggested that glutamate was significantly different from ejaculates that were asthenozoospermic when compared to seminal plasma from normozoospermic and oligozoospermic ejaculates. Previous research into seminal plasma metabolites and their ability to determine forms of male infertility found that alanine, choline, citrate, glycerophosphorocholine tyrosine and phenylalanine could be used to determine fertility (Gupta et al., 2011b). However, comparison was between seminal plasma from normozoospermic and oligozoospermic men and did not consider asthenozoospermic seminal plasma metabolites. A higher sample size is needed and more samples from oligozoospermic and asthenozoospermic ejaculates are needed. One previous study has investigated the lipid content of human sperm and SP and performed a comparison (Schiller et al., 2000) however, the focus was on lipid content and the effect of cryopreservation and no other metabolites related to sperm metabolism were analysed. 

In summary the answer is yes, NMR can detect metabolites in sperm and seminal plasma. Although they originate from different sources and are separate entities, future NMR studies should always encompass all components of the ejaculate with analysis of each taking place independently and comparison after. This will always ensure a comprehensive analysis of all aspects of the male reproductive system that work together to define a mans overall fertility.

OXPHOS or Glycolysis?
Mammalian spermatozoa specifically use ATP to maintain intracellular milieu and for cellular processes including motility, capacitation, hyperactivation and the acrosome reaction (Mannowetz et al., 2012, Mukai and Travis, 2012) which are all essential for successful fertilisation. To this day there is still controversy regarding the most significant pathway contributing towards energy production in spermatozoa (du Plessis et al., 2015). The most prevalent problem sperm face is that ATP must be delivered along the entire length of the flagellum which means that a variety of metabolic strategies must be employed to generate it (Rees et al., 1990). The question remains as to whether mitochondrial ATP can diffuse rapidly enough along the entire length of the flagellum to support the energy requirements of fast beating activity. Multiple biophysicists have calculated the rate of diffusion of ATP required to support motility in bull and sea urchin spermatozoa (Nevo and Rikmensp, 1970, Adam and Wei, 1975) and concluded that the rate of ATP diffusion is sufficient to maintain the beat frequency of the flagellum. Furthermore, mitochondrial membrane potential has previously been found to correlate with sperm motility and fertilisation ability (Troiano et al., 1998, Donnelly et al., 2000, Kasai et al., 2002, Wang et al., 2003). A positive correlation between mitochondrial membrane potential and non linear motility has also been suggested in asthenozoospermic patients (Paoli et al., 2011). However, there is plenty of evidence contradicting this, including a study suggesting that regardless of the metabolic pathway used (OXPHOS or glycolysis) the diffusion capacity was insufficient to meet the requirements of high energy areas in the flagellum (Tombes and Shapiro, 1987). It is not clear whether human sperm have this problem (Turner, 2003). It is also known that products of ATP hydrolysis including ADP, inorganic phosphate and H+ must be removed to avoid kinetic and thermodynamic stress (Oberholzer et al., 2007). This has lead to research proposing that there is a need for ATP production close to the site of ATP utilisation and that this is achieved by the glycolytic pathway of ATP production due to the presence of glycolytic enzymes in the fibrous sheath of the flagellum (Westhoff and Kamp, 1997). Furthermore, mammalian spermatozoa can use a variety of carbohydrates as substrates for ATP generation (Williams and Ford, 2001, Frenette et al., 2006, Urner and Sakkas, 1999) which allows for ATP generation in the cytoplasm regardless of mitochondrial activity (Westhoff and Kamp, 1997).

Substrates used in metabolism vary between species and is the deciding factor in which metabolic pathway for ATP production to support capacitation (Storey, 2008). It all depends on the availability of extracellular substrates. Glycolysis can be employed to provide ATP for motility however, in the absence of glycolytic substrates, sperm metabolise respiratory substrates (Mukai and Okuno, 2004). Respiratory substrates function as substrates for gluconeogenesis in the midpiece, producing glucose that can diffuse to all regions of the sperm flagellum. Bull sperm depend on OXPHOS to support capacitation (Hutson et al., 1977), human sperm appear to depend on glucose-derived ATP (Urner and Sakkas, 1996, Williams and Ford, 2001). Although glucose derived ATP is an immediate source of energy, mitochondrial activity increases during sperm capacitation (Boell, 1985, Fraser and Quinn, 1981). Mitochondria are known to occupy a major proportion of the total cell volume (15%-22%) (Turner, 2003) and are located only on the mid-piece. A mature spermatozoon contains approximately 72-80 mitochondria which contribute to significant processes including the acrosome reaction and oocyte penetration (Rajender et al., 2010).  
Several glycolytic enzymes specific to the spermatogenic cell have been identified in the fibrous sheath of spermatozoa including hexokinase, phosphoglucokinase isomerase, phophofructokinase, LDH and glyceraldehyde-3-phophate dehydrogenase (GAPD) (Kim et al., 2007, Westhoff and Kamp, 1997, Bradley et al., 1996, Bunch et al., 1998, Mori et al., 1998, Travis et al., 1998). GAPD-S is a gene that is specific to mouse spermatozoa (Miki et al., 2004) and its human variant is GAPD-2. It is a key regulator of glycolysis during spermatogenesis and also the target of a number of environmental compounds that reduce male fertility (Mohri et al., 1975). GAPD-S knock out mice studies have shown that they have low motility and exhibit no progressive motility (Miki et al., 2004). Further studies have sequenced and cloned the c-DNA from the human analogue GAPD-2 and suggested that it could have similar roles in human spermatozoa (Frayne et al 2009). Studies focussing on LDH-C, a spermatogenic cell variant and a glycolytic enzyme (Odet et al., 2011, Boatman and Robbins, 1991) conclude that it catalyses the conversion of pyruvate to lactate which is essential for sperm motility during aerobic respiration. Disruption of this gene in mice results in a lack of tyrosine phosphorylation and hyperactive motility necessary for capacitation. (73). Furthermore, using glycolytic inhibitors, spermatozoa pyruvate and lactate production was decreased as well as sperm motility even in the presence of mitochondrial substrates (Mukai and Okuno, 2004). This suggests that glycolysis is a key contributor to sperm motility. The ATP content was also assessed and regardless of the presence or absence of pyruvate along with the glycolytic inhibitor, the ATP concentration remained the same. This further suggests that normal mitochondrial respiration is not sufficient to maintain the concentration of ATP needed for sperm flagella motility.  Carbonyl cyanide m-chlorophenylhydrazine (CCCP) inhibits mitochondrial ATP production. When added to active mice spermatozoa it had no effect on ATP content and motility parameters suggesting that mitochondrial respiration does not play a vital role in sperm motility (Mukai and Okuno, 2004). It has also been suggested that OXPHOS is not necessary for hyperactivated motility in rhesus macaque monkeys (Hereng et al., 2011).

Analysis of the literature clearly shoes species specificity for preference of metabolic pathways for spermatozoa ATP generation. In human spermatozoa, several studies have proposed that glycolysis is the predominant pathway for ATP production, even in the presence of oxygen. However, the efficiency of ATP production through OXPHOS during aerobic respiration cannot be ignored. The role of mitochondrial respiration in sperm maturation and differentiation must not be underestimated and overall both pathways appear to be essential for human sperm function and successful fertilisation. Furthermore, in human spermatozoa nothing is set in stone. Mitochondrial respiration (OXPHOS) or glycolysis may take place independently at any one time or simultaneously to provide ATP. 

The results of this thesis support the overall debate in the literature that both pathways of metabolism take place in mammalian spermatozoa. These results add to scientific knowledge that NMR can be used as another method of sperm metabolism analysis, which has not previously been achieved in live sperm. Unfortunately, the results from this thesis cannot contribute to either side of the debate. It is clear from the metabolite spectra that products of both pathways of metabolism are present (lactate for glycolysis and bicarbonate and CO2 for OXPHOS) but the favourability of either pathway for ATP production under the conditions within the scanner cannot be quantified. Furthermore, the literature discusses how processes such as hyperactivation, capacitation and the acrosome reaction that occur within the female reproductive tract, often stimulate a change in use of metabolic pathway (usually from glycolytic to OXPHOS as OXPHOS yields more ATP). The results from this thesis have laid the foundations for the further investigation of these complex processes. Hyperactivation and capacitation could be measured within the scanner in real time and give a more precise indication of ATP demand and how this is met through the use of glycolysis and OXPHOS during key processes leading up to fertilisation. Also the availability of substrates within secretions such as oviductal fluid in the female reproductive tract define pathways of metabolism in human spermatozoa. Given that the substrate content of sections from the female reproductive tract may be unique to the individual due to genetics, environment and lifestyle, its important to now analyse sperm metabolism using NMR whilst exposing sperm to a variety of substrates. 

Although a contribution to the debate of spermatozoa metabolism was not possible, these results support the theory of a combination of two metabolic pathways generating ATP for sperm function and motility. It provides the foundations for future research into metabolic substrates and how they determine metabolic pathways and the metabolism during key processes that are essential for successful fertilisation.


Is NMR in Andrology clinically useful?
Current clinical Andrology focuses on the use of ‘traditional’ semen analysis techniques using light microscopy and a trained biomedical scientist. This method has come under scrutiny regarding its accuracy and diagnostic ability, which has led to the development of more sophisticated sperm function tests.  There are two areas of clinical interest apparent in Andrology (i) do we need more accurate and sophisticated diagnostic methods? (ii) Do we need to delve deeper and develop a new sperm function test. The short answer is yes to both questions however, those sperm function tests that have been previously developed have all failed to make it into routine clinical practice. 

Although traditional semen analysis has been used for over half a century, it serves a purpose and research supports the ability of sperm count, total sperm number and percentage morphologically normal sperm successfully predicting time-to-pregnancy which is a marker of fecundity (Bonde et al., 1998, Zinaman et al., 2000, Louis et al., 2014). In the UK we are lucky enough to have guidelines for semen analysis in Andrology outlined by the WHO with the use of the 5th edition of the manual for semen analysis being widespread. However, there have been previous issues raised regarding variation in accuracy between clinics in the UK (Matson, 1995, Riddell et al., 2005) and the USA (Keel et al., 2002) which led to the development of training programs and external quality assurance programs in Andrology (Bjorndahl et al., 2002, Franken et al., 2010, Franken and Kruger, 2006, Pacey, 2006, Pacey, 2010). International and national societies of Andrology, reproductive medicine, human reproduction and pathology have contributed further by training technologists in the standardised methods of routine semen analysis.  However, despite all of this, the use of these parameters cannot precisely and accurately predict the fertility of a man (Wang and Swerdloff, 2014). This is because there are a host of other factors in addition to sperm and semen quality that contribute to the ability of sperm to fertilise an oocyte. Semen analysis is now considered a limited method of defining a man’s fertility, providing nothing more than a visual description of an ejaculate. However, it is cost effective, quick and provides a reason for infertility giving a couple an explanation as to why they cannot conceive. An approximate cost for each semen analysis performed in the NHS andrology laboratory in Sheffield is around £60. It currently functions well alongside assisted reproductive technologies such as IVF and ICSI where oligozoospermia or asthenozoospermia are  not an issue as ICSI bypasses the journey of the spermatozoa through the female reproductive tract, and even fertilisation itself. But scientists do not know the long-term effects of ICSI. And clinicians are simply bypassing a journey, which is naturally selective on sperm and using cells from a substandard ejaculate to create embryos. Although this technique is now fundamental in clinical embryology, efforts must still be made to investigate the root cause of poor sperm function. 
The history of the development of sperm function tests is one of false advances in that much excitement has developed surrounding the development of new tests when in the long term they’ve achieved little clinical significance (Barratt et al., 2011, Pacey, 2010). This has been due to two main reasons (i) poor technical and methodological control of purported assays (ii) low quality clinical trial information from poor experimental design and low numbers. Sperm DNA damage testing is a prime example with a plethora of studies suggesting it has a strong association with impaired fertilisation, slow early embryo development, reduced implantation, miscarriage and in animal studies birth defects in offspring (Lewis et al., 2013). Disadvantages of this technique arise because sperm with high a proportion of fragmented DNA cannot be excluded from samples as the sample is destroyed during analysis. Therefore, it can only be used to guide couples with high DNA damage and those with low DNA damage to IUI and IVF. Once again this is just another test that requires the use of assisted reproductive techniques and does not offer any explanation of the cause of  the DNA fragmentation and there are no avenues for development of therapeutics. Furthermore, three comprehensive reviews of the clinical data concluded that the significance of sperm DNA integrity assessment for natural and ART remains unclear (Collins et al., 2008, Barratt et al., 2010, Sakkas and Alvarez, 2010). Finally in support of this, clinical practice guidelines published by the British Fertility Society (2015) concluded that ‘there is evidence of a relationship between sperm DNA damage and either semen parameters and/or outcome of assisted conception. However, reports conflict and depend largely on the laboratory test utilized. Results are unlikely to alter patient management’.
Another example of developments in andrology that fail to reach routine clinical practice is that of computer aided sperm analysis (CASA). Although the latest WHO manual (WHO, 2010) recommends a CASA system as a selective means to analyse semen samples, experts still question the accuracies of clinical application of CASA (Lu et al., 2014). Furthermore, users of CASA in clinical laboratories prefer using it whilst knowing little about the principles of CASA systems and the sources of analytical errors resulting in significant differences in semen analysis results and consequent misdiagnosis of patients. There are multiple factors influencing the accuracy of CASA results including frame rate (Castellini et al., 2011),counting chambers (Hu et al., 2006), algorithms (Mortimer and Swan, 1999), sperm concentration and its affects of motility accuracy (Spiropoulos, 2001). Overall, although CASA systems are widely used in clinical laboratories, this technique is still riddled with problems including How to define the normal reference value of the CASA parameter? Which velocity or type of sperm movement will benefit fertilisation with the egg? How to define the threshold between nonprogressive and immotile spermatozoa or between grade c and d spermatozoa? How to determine the proportion of spermatozoa with normal morphology and activity? And since the use of ICSI became common in ART, the analysis of sperm motion parameters has become less important and so CASA’s use clinically has weakened. Traditional semen analysis therefore still has its place over CASA in routine clinical practice given its simplicity and the information it gives to a clinician at lesser cost through training and expensive equipment. 

1H NMR has been used extensively in the clinical setting in analysing the biochemistry of tissue samples including kidney (Moka et al., 1997), adipose tissue (Moka et al., 1998) red blood cells (Humpfer et al., 1997), prostate (Tomlins et al., 1998a) and brain tissue (Cheng et al., 1997). 1H NMR has now been acknowledged as a global approach to identifying metabolites and thus gaining an insight into the metabolism of a cell (Cudalbu et al., 2012). So far the method has enabled the identification of a number of mechanisms of disease including Huntington’s disease, liver trauma and urinary tract infection (Jenkins et al., 1993), (Ranjan et al., 2006), (Gupta et al., 2006). 

The use of NMR for biochemical analysis of a number of tissues (DeFeo and Cheng, 2010; Bathen et al., 2010; Chan et al., 2009; Burns et al., 2004; Martinez-Granados et al., 2011; Rocha et al., 2010) has been a great success and it is an extremely valuable technique in the field of metabolomics, which continues to evolve. However, its success has been primarily in the research setting and to use it in routine clinical practice still requires further development. Firstly, to make the experiments conducted for this thesis more efficient, an automated sample changer could be installed. Increasing the number of samples scanned per day would reduce the cost of scanning each sample and therefore make it more suitable for routine clinical practice. This would also reduce sample-processing time and make NMR more suitable to cope with high workloads associated with clinical andrology. Superconducting magnets such as the one used for experiments in this thesis have large running costs associated with cryogens that keep the magnet cool. On average it costs around £30 to run a sample if 12 samples a day were to be run on the scanner used in these experiments. This is half the price of traditional semen analysis however, it does not take into account the initial cost of the scanner being around £400,00 as well as the cost of reagents and time washing the sperm ready for analysis in the scanner. To reduce this cost further bench top NMR scanners have been developed (Benchtop NMR Spectrometer-Pulsar, Oxford Instruments, Abingdon, UK). These do not require cryogens and do not need a dedicated room for them to operate. They are also considerably cheaper to initially purchase. Unfortunately at this stage the strongest magnet available is 60MHz compared to the 400MHz scanner used in these experiments. This would not currently be strong enough to detect metabolites in spermatozoa in a timeframe suited to the clinical setting. They also have the added benefit of being easy to use and largely automated meaning that specialist training would not be necessary.

Overall NMR in andrology has striking potential. Detailed information regarding sperm metabolites and pathways of metabolism utilised could be quickly obtained and used in therapeutics to increase sperm function. It offers information to clinicians and the patient beyond the scope of previously developed sperm function tests. However, development in equipment is preventing its transition into the clinical setting. Furthermore, more research needs to be conducted regarding its ability to determine the fertilising potential of spermatozoa in vivo. 
Although the development of more sophisticated sperm function tests has been a battlefield, new technology is still being introduced to improve sperm function and the chances of conception. Researchers in Germany began working on ‘Spermbots’ or sperm flagella driven Micro-Bio-Robot (MBR), which consist of a bovine spermatozoa, which is captured inside a Ti/Fe nanomembrane (Magdanz and Schmidt, 2014). This nanomembrane is rolled up in to a 50μm long microtubule, which is self-propelled by the sperm cell and guided using external magnetic force. This paper describes the success of early attempts to control the direction of spermatozoa in two dimensions and its possible future in controlling guidance of a single sperm in physiological environments. This concept was recently taken further with the development of artificially motorised sperm cells using a novel type of hybrid micromotor, where customised microhelices functioned as motists for transporting sperm with motion deficiencies to assist in their natural function (Medina-Sanchez et al., 2016). The researchers claimed they were able to capture, transport and release a single immotile live spermatozoa cell in fluidic channels that mimic physiological conditions. Although there are many challenges still to overcome, this looks to be a promising approach towards assisted reproduction that would rival techniques such as ICSI being that it is less invasive.

Recent developments in sperm function testing and enhancement are fascinating but even the latest approach such as the ‘Spermbot’ simply take a defective sperm and manipulate ways to transport it to the oocyte. This may be enough to achieve conception in some cases however, it is well known that sperm motility is not the only cause of infertility. NMR and metabolomics allows investigation within the spermatozoa to find out what is really going on that causes defects in motility and sperm function. And this has the potential to monitor sperm from the point of ejaculation and through essential processes within the female reproductive tract. ‘Spermbots’ are a significant contribution to development of assisted reproductive techniques however, sperm function testing aims to reduce the need for them and therefore ‘Spermbots’ appear to be another sperm function test that could be less invasive than ICSI.
Limitations 
Shortcomings of the results from this thesis centre on the low sample number from all classifications of fertility. A surprisingly high proportion of donors were normozoospermic. It was expected that around 1 in 4 donors would have sperm parameters that classed them as infertile however, this was not the case. Donors were recruited on the University campus and therefore samples from donors were only representative of a narrow age range of younger men. The lifestyle of younger students is also not representative of the general population and therefore sampling from a wider age range and occupation would be desirable. For future experiments and to overcome the limitations of the results in this thesis, NHS ethical approval could be obtained to gain access to a high number of samples from a variety of classifications of fertility. NHS ethics requires a lengthy application before approval and therefore was not obtained for the experiments in this thesis.
An instrumental shortcoming was the strength of the NMR magnet. The NMR magnet used in these experiments was 400MHz whilst metabolic studies of other tissues in the literature used strengths up to 600MHz. 400MHz was sufficient to measure sperm metabolites as outlined in this thesis however, 600MHz scanner would be more sensitive and therefore detect metabolites that were present at lower concentrations in the same amount of time as the 400MHz. This could explain the low number of metabolites detected in spermatozoa compared to previous studies.
Furthermore, all results from the experiments performed in this thesis relate in vitro experiments that represent sperm metabolism under conditions experienced by them within the scanner. Therefore, much more research is needed to draw conclusions regarding sperm metabolism in vivo. 

Future studies
To take the experiments in this thesis further, it would be beneficial to use another analysis technique to further support findings on sperm metabolism. Mass spectrometry (MS) has been used previously to study the human sperm metabolome as a complementary technique alongside 1H NMR (Paiva et al., 2015). Using the two methods, 69 metabolites were identified, 42 by NMR, 27 by MS and just 4 by both. This shows how the use of two techniques could dramatically increase detection of metabolites. Moreover, the research findings described above were performed on lysed sperm, which means there is still an avenue of research employing these two methods to study live sperm metabolism.
Another NMR technique that could also advance findings on sperm metabolism further is that of hyperpolarised dynamic nuclear polarisation (HP DNP) NMR. This technique overcomes the limitation of standard NMR having low sensitivity. Using HP DNP NMR, signal intensity can be increased by up to 10,000 times and it consequently allows detection of the introduced metabolic agent, and its metabolic products in real time, in a similar way to 13C NMR used in this thesis experiments. This technique could increase our knowledge of the sperm metabolome further and is also well suited for analysis of split second events such as hyperactivation and the acrosome reaction as it takes <10 seconds for the scan to take place, still yielding 10 000 times the signal compared to conventional NMR.
Moving away from technical enhancement, the experiments in this thesis used pyruvate as a substrate for investigation of live sperm metabolism. There are many other substrates available with the 13C isotope incorporated including fructose, glucose, sorbitol and maltose. The lack of understanding of spermatozoa metabolism in terms of substrate preference through out transit through the female reproductive tract and consequent utilisation of the appropriate metabolic pathway suggests that experiments using a variety of substrates could shed light on sperm metabolism further.

In conclusion it is hoped that the work presented in this thesis will provide the base for future experiments using NMR to investigate sperm metabolism and its significance to key processes through out the female reproductive tract. Its future use in routine clinical practice is a possibility but its power to investigate the root cause of sperm dysfunction appears much more intriguing.
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Figure 1.2: Interaction of spermatozoa with the oocyte during fertilisation. The second
maturation step of the spermatozoa is represented by its ability to bind to the zona pellucida
and the oocyte membrane (Figure adapted from Pereira et al., 2015).
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Figure 6.1: The metabolism of pyruvate to lactate during glycolysis. Notice
the isotopic carbon 13 label and its transfer into the product of glycolysis
allowing real time monitoring of the pathway of metabolism in sperm.
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Figure 1.3: Structure of mammalian spermatozoa. Spermatozoa can be divided into five parts:
(i) Head, which contains the nucleus, acrosome and post acrosomal region, (i) Midpiece
contains mitochondria associated with Oxidative phosphorylation (OXPHOS), (i) Connecting
piece attached to the implantation fossa of the nucleus in the sperm head, (iv) Principle piece
containing the axoneme required for the generation of the flagella beat and (v) end piece
(Figure adapted from Gilbert.,2000).
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Figure 6.2: Pyruvate can continue into the citrc acd cycle where it rives ATP production by oxidative phosphorylation. Intermediates.
before pyruvates entry into the citic acid cycle are carbon dioxide and bicarbonate. . Notice the fsotopic carbon 13 label and its transfer
into the intermediates allowing real time monitoring of this pathway of metabolism in sperm.
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Figure 6.5: Time course spectrum of the metabolism of C pyruxate in boar spermatoz0a over 6 time points (0-100 minutes) at 20
minute intervals; blue: T0, rec: T=20, green: T=40, pink: T=60, yellow: T=80, orange: T=100. Notice in the Increase In actate, the
decrease in pyruvate and the relatively constant integral value for the urea reference compound.
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Figure 1.4: Cross section of the sperm flagellum showing the axoneme composed of a ring of 9
microtubule doublets surrounding a central pair. Inner and outer dynein arms project out from
each of the outer 9 doublets, and these arms are responsible for creating the motive force of
the flagellum (Figure adapted from Pereira et al,, 2015)
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Figure 6.7: Spectrum from ovenight scan of the metabolism of *C pyruvate in boar spermatozoa. Lactate, pyruvate, bicarbonate and
€O, can be observed. CO, appears due to the higher signal to noise rato as a consequence of 10,000 scans compared to the 256 time.
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image5.jpeg
Figure 1.5: Activated (top) and hyperactivated (bottom) flagella shape and motility direction
(arrows) displayed by spermatozoa. Activated spermatozoa advance showing a symmetric
flagella bend, while hyperactivated spermatozoa tumble in one place and do not advance
efficiently due to asymmetric flagella beating pattern (Figure adapted from Darszon et al,,
2011).
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Figure 1.6: The male reproductive system showing the accessory organs: epididymis, prostate
gland and seminal vesicles the function of which is measured by analysis of the seminal plasma,
the testis, the function of which is measured by analysis of spermatozoa. Secretions from the
accessory organs and sperm rich secretions from the testes mix upon ejaculation to form
semen (Figure adapted from Jones and Lopez 2013).
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Figure 1.7: The female reproductive tract. The vagina is the organ in which semen is deposited.
Sperm then begin to swim up and must penetrate the cervical mucus. Sperm then swim
through the uterine cavity assisted by contractions of the myometrium. In the Fallopian tubes,
the site of fertilisation, sperm undergo capacitation and hyperactivation ready for the acrosome
reaction and fertilsation of the oocyte. Used with kind permission from Dr Javier Sanchez Lopez
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Figure 1.8: Hormonal control of the male reproductive system. Lack of hormones including
gonadotropin releasing hormone (GnRH), follicle-stimulating hormone (FSH) and luteinising
hormone (LH) that usually stimulate the testis, can cause conditions such as hypogonadotrophic
hypogonadism (HH) resulting in oligozoospermia due to production of little or no testosterone
(Figure adapted from Alberts et al., 2015)
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Figure 1.9: Charge arises due to an odd number of protons and neutrons within the nucleus of
the atom. Atoms with an odd number of protons or neutrons possess nuclear charge and spin
which combine to form the magnetic moment () and thus, atoms can be classed as mini
magnets themselves. When placed in an external magnetic field (8), they align themselves with
the static magnetic field in a discrete number number of orientations. This external static
magnet imposes a torque on the mini magnetic moment of the atoms, which traces a circular
path about the applied field. This motion is referred to as precession or more specifically
Larmor precession (Figure adapted from Claridge et al., 2009).
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Figure 1.10: (a-c): Arrows represent individual nuclear spins aligning to the external magnetic
field. The bulk magnetisation vector is the average behavior of a large number of spins aligning
with the external magnetic field, (d-f) representation of the axis alignment of the nuclear spins,

(8-h): When the magnetisation is removed from the z axis using a radiofrequency pulse
equivalent to that of the Larmour precession it can be observed it as it precesses about the z

axis. As the magnetisation cuts through the coil it induces a current which is converted into the
spectrum observed from NMR acquisition (Figure adapted from Claridge et al., 2009)
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Figure 1.11: The radiofrequency (rf) pulse is switched on causing the bulk magnetisation to

rotate from the z-axis towards the x-y plane. (a): If the rf was turned off as the vector reached
the y axis this would be a 90° pulse (b): If the rf pulse continued until the vector reached the z-
axis, it would be a 180° pulse (Figure adapted from Claridge et al., 2009).
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Figure 1.12: The Free Induction decay occurs because magnetisation in the x-y plane corresponds o a deviation from the equillrium
and 5o the transverse vector will gradually disappear and simultaneously grow along the 2-axis. This return to equilbrium is called
elaxation determining the observed NMR signal, which decays over time.
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Figure 1.13: Diagrammatic representation of the chemical shift of lactate (top). (a): one peak
has a chemical shift of 1.3ppm which corresponds to the methyl group labeled (a) in the
molecular structure of lactate (bottom). (b): The second peak has a chemical shift of 4.1ppm
which corresponds to the chemical bond labeled (b) in the molecular structure of lactate.
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Figure 1.18: For solid-state samples, the restricted atomic nuclei results in residual dipolar
couplings being reintroduced and as a consequence the NMR resonances will broaden, reducing
the quality of the spectrum observed. To eliminate the negative effects of both restricted
motion of the analyte and heterogeneity within solid-state samples, rapid rotation of the
sample about the so call ‘magic angle’ 0=54.7° is used (Figure adapted from Claridge et al,,

2009)




image15.jpeg
Glucose

=3

Glucose-6-phosphate
4

v
Fructose-6-phosphate

'<

Fructose-1,6-
biphosphate

v

Glyceraldehyde-3-
phosphate

!

1,3-bisphosphoglycerate

v
3-phosphoglycerate
4

v
Phosphoenolpyruvate

v
Pyruvate
Figure 1.15: Glycolysis: a glucose molecule with 6 carbon atoms is converted into two

molecules of pyruvate, each with 3 carbons in ten steps, each producing a sugar intermediate
and each catalysed by a different enzyme (Figure adapted from Alberts et al., 2015).
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Figure 1.16: The Krebs cycle takes place inside the mitochondria. During the Krebs cycle, the
carbon atoms of the acetyl groups in acetyl CoA are completely oxidised. This happens in stages
where the acetyl group is passed to a larger 4-carbon molecule, oxaloacetate to form a six
carbon tricarboxylic acid (citric acid). The citric acid molecule is then gradually oxidised, and the
energy from this oxidation to be harnessed to produce energy rich activated carrier molecules
Three molecules of NADH are produced for each turn of the Krebs cycle. One molecule of
FADH, (reduced flavin adenine dinucleotide) from FAD and one molecule of riboneucleoside
triphosphate (GTP) from GDP. GTP is closely related to ATP and the transfer of its terminal
phosphate group in each cycle produces one ATP molecule. The energy that is stored in the
transferred electrons of NADH and FADH, are then used for ATP production in oxidative
phosphorylation (Figure adapted from Alberts et al., 2015).
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Figure 1.17 The Electron Transport Chain (ETC) begins with NADH from the Krebs cycle being oxidised to NAD* with the electron from NADH
going down a series of redox reactions within proteins and finally reduces O, Energy i released during each redox reaction creating a proton
gradient resulting in protons being pumped into ATP synthase which produces ATP (Figure adapted from (Alberts et al., 2015).
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Figure 2.3: (a) MACS cell sorter compromising the MultiStand which the MidiMACS™ separator is
attached via strong magnetic force. The LS column then clips into the separator. The sample is
poured into the top chamber of the LS column and allowed to pass through the MicroBeads
contained within it. (b) The LS column contains Microbeads that are extremely small,
supermagnetic particles. As the sample passes through, leukoyctyes are retained whilst
spermatozoa pass through and are collected in the collection tube.
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Figure 2.4: Schematic llustration of the modern NMR spectrometer. The 9.4t magnet stands

upright and the probe is inserted from the base into the centre of the magnet. The samples is
inserted at the top and a pneumatic air system, controlled by the host computer, lowers the
sample down through the magnet into the probe (dotted line). The probe can be tuned
externally from the base. All data passes through the spectrometer interface before
interpretation and analysis on the host computer.
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Figure 2.5: NMR sample holders used with MAS and broadband probes. MAS

sample insert (left) comprising the Zirconium rotor in which the insert is
placed containing the concentrated sperm sample with a capacity of 80l The
plug and the Zirconium rotor cap are then fitted. The rotor cap consists of a
turbine, which catches the airflow causing the entire insert to spin inside the
scanner. Smm glass tube (right) used with the broadband probe with a much
larger capacity (2000p1).
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Figure 2.6: lllustration of the method of peak integration using Bruker Topspin 2.1
software. Integrals were taken about the peak and began at an area of the baseline
where no peaks were present (noise). Once the peak had been incorporated, integration
was terminated once again, at an area of the baseline where no peaks were present
(noise). The reference compound peak was used as a chemical shift reference. The
absolute integral is the sum of the values underneath the peak The absolute integral was
recorded for all spectra. This allows us to quantify the reference peak (TSP or C urea) and
we can then divide the absolute metabolite integral by the reference compound integral to
quantify the metabolite peak in relation to the known reference compound peak.
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igure 3.1: Representative spectra of sperm metabolites at the following spin
frequencies: () 1000Hz, (b) 3000Hz, (<) 6000Hz. Notice spinning bands that mask
sperm metabolites (arrows 1-4) between 1-4ppm at (a) 100Hz. Spectra of 6000Hz
is annotated with metabolite peaks for lipid, lactate (two peak resonances),
arginine, spermine and leucine (one peak),citrate and glucose/fructose.
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Figure 3.2: The relationship between Signal to Noise Ratio (SNR) of the
TSP reference peak and the MAS rotor spin frequency (Hz) (mean +/- SD)
(n=8). The SNR increased rapidly from 1000-3000Hz. It then became
relatively constant as the frequency increased further to 4000, 5000, &
6000Hz.
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Figure 3.3: Relative G force exerted on sample in HR MAS rotor at varying spin
frequencies.




image25.jpg
% of sperm viability

100 & Before spinning

& After spinning

80

60

40-

20-

»

Spin frequency (Hz)

Figure 3.4: Percentage of boar sperm viability before and after spinning at
varying frequencies during HR MAS(n=8) (mean £ SD). Boar sperm viability
remained relatively constant from 1000-3000Hz after spinning. It then
decreased rapidly from 3000-6000Hz after spinning.
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Figure 3.5: Representative spectrum of boar sperm scanned with an
acquisition time of: (a) 0.6sec, (b) 1.0 sec, (c) 2.0 sec, (d) 4.0 sec. Spectrum
scaled relative to increments of 2 by TopSpin software. The thickness of the

baseline increases from a-

d suggesting a visual reduction in SNR of ll peaks.
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Figure 3.6: The relationship between the Signal to Noise Ratio (SNR) of
the TSP peak and the acquisition time (n=8) (mean £ SD). The SNR of the
TSP peak increases from 0-2 seconds but then decreases from 2-4
seconds.
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Figure 3.7: Representative spectrum of boar sperm metabolites from
acquisitions with (a) 8, (b) 64, () 128 number of scans. Spectrum scaled
relative to increments of 2 by TopSpin software. Visually, the thickness of
the baseline decreases from a-c, as the number of scans increase. This
suggests the SR of the metabolite peaks increases with increasing number
of scans.
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Figure 3.9: Representative spectra of boar sperm metabolites from samples
with: (a) 50 million, (b) 25 million, (c) 12.5 million total number of sperm..
Lactate shown by black arrow at 1.3ppm.
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Figure 3.9: Representative spectra of boar sperm metabolites from samples
with: (a) 50 million, (b) 25 million, (c) 12.5 million total number of sperm.
Notice intensity of lactate peak at 1.3ppm. Spectrum scaled relative to
increments of 2 by TopSpin software.
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Figure 3.10: Relationship between Signal to Noise Ratio of the known
metabolite lactate and the total number of sperm in a sample
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Figure d.

broadband NMR acquisiton.
fructose and TSP reference. NMR parameters: Number of scans= 256, Dummy scans

) Spectra from the sperm of 8 individual boars (1-8) incubated at 21°C for 3 hours (slow metabolism) prior to '
Metabolites present include lipid, latate, argininesspermine+leucine, glutamine, ctrate,
, Spectral width in hertz= 8223685,

‘Acquisition times= 1sec, Delay time 4sec. (b) Negative control sample containing PBS only.
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Figure 4.3: (a) Spectra from the sperm of 8 individual boars (1-5) incubated at 39°C for 3 hours (fast metabolism)

prior to 'H broadband NMR acquisition.

Metabolites present include lipi, lactate, argininesspermineleucine,

glutamine, citrate, glucose/fructose and TSP reference.
Spectral width in hertz= 5223.685, Acquisition tim
oy,

NMR parameters: Number of scans=

6, Dummy scans= 2,

= 15ec, Delay time 4sec, (b) Negative control sample containing PBS
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Figure 4.4: (a) MAS NMR Spectra from the sperm of 6 individual boars (1-6) incubated without 50mM ACH (metabolism not
inhibited) for 1 hour prior to H broadband NMR acquisition. Metabolites present include lipid, lactate, argininespermine.
+leucine, glutamine, citrate, glucose/fructose and TSP reference NMR parameters: Number of scans= 256, Dummy scans= 2,
Spectral width in hertz= 8223.685, Acquisition time= 1sec, Delay time dsec, (b) Negative control sample containing PES anly.
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Figure 4.5: (a) MAS NMR Spectra from the sperm of 6 individual boars (1-6) incubated with S0mM ACH (metabolism inhibited) for 1
hour prior to 'H broadband NMR acquisition. Metabolites present include lipid, lactate, glutamine, citrate, glucose/ fructose and TSP.
reference. NMR parameters: Number of scans= 256, Dummy scans= 2, Spectral width in hertz= 8223 685, Acquisition time= 1sec,
Delay time 4sec (b) Negative control sample containing PES+ 50mM ACH only.




image37.emf
100+

o (o]
o o
1 1

Integral value
S
o
1










L

i

p

i

d

 

2

1

L

i

p

i

d

 

3

9

L

a

c

t

a

t

e

 

2

1

L

a

c

t

a

t

e

 

3

9

A

r

g

+

S

p

e

+

L

e

u

 

2

1

A

r

g

+

S

p

e

+

L

e

u

 

3

9

G

l

u

t

a

m

i

n

e

 

2

1

G

l

u

t

a

m

i

n

e

 

3

9

C

i

t

r

a

t

e

 

2

1

C

i

t

r

a

t

e

 

3

9

F

r

u

c

t

o

s

e

 

2

1

F

r

u

c

t

o

s

e

 

3

9

0

20

40

60

80

100

I

n

t

e

g

r

a

l

 

v

a

l

u

e


image38.emf
Integral value

100+

80+ T

60
404
20-
T M - -
- .
D P P









L

i

p

i

d

 

2

1

L

i

p

i

d

 

3

9

L

a

c

t

a

t

e

 

2

1

L

a

c

t

a

t

e

 

3

9

A

r

g

+

S

p

e

+

L

e

u

 

2

1

A

r

g

+

S

p

e

+

L

e

u

 

3

9

G

l

u

t

a

m

i

n

e

 

2

1

G

l

u

t

a

m

i

n

e

 

3

9

C

i

t

r

a

t

e

 

2

1

C

i

t

r

a

t

e

 

3

9

F

r

u

c

t

o

s

e

 

2

1

F

r

u

c

t

o

s

e

 

3

9

0

20

40

60

80

100

I

n

t

e

g

r

a

l

 

v

a

l

u

e

 


image39.emf
T
S
N

T
<§

X
o"e
R

v$

100+

|
o
0

| |
o o
© <

anjeA |el1baju|

|
o
N









L

i

p

i

d

 

U

T

L

i

p

i

d

 

T

L

a

c

t

a

t

e

 

U

T

L

a

c

t

a

t

e

 

T

A

r

g

+

S

p

e

+

L

e

u

 

U

T

A

r

g

+

S

p

e

+

L

e

u

 

T

G

l

u

t

a

m

i

n

e

 

U

T

G

l

u

t

a

m

i

n

e

 

T

C

i

t

r

a

t

e

 

U

T

C

i

t

r

a

t

e

 

T

F

r

u

c

t

o

s

e

 

U

T

F

r

u

c

t

o

s

e

 

T

0

20

40

60

80

100

I

n

t

e

g

r

a

l

 

v

a

l

u

e

 


image40.emf
15007

1 1
o (=]
o (=]
o n
-—

anjeA |eldbaju|










L

i

p

i

d

 

U

T

L

i

p

i

d

 

T

L

a

c

t

a

t

e

 

U

T

L

a

c

t

a

t

e

 

T

A

r

g

+

S

p

e

+

L

e

u

 

U

T

A

r

g

+

S

p

e

+

L

e

u

 

T

G

l

u

t

a

m

i

n

e

 

U

T

G

l

u

t

a

m

i

n

e

 

T

C

i

t

r

a

t

e

 

U

T

C

i

t

r

a

t

e

 

T

F

r

u

c

t

o

s

e

 

U

T

F

r

u

c

t

o

s

e

 

T

0

500

1000

1500

I

n

t

e

g

r

a

l

 

v

a

l

u

e

 


image43.emf
100+

o (o]
o o
1 1

Integral value
S
o
1










L

i

p

i

d

 

2

1

L

i

p

i

d

 

3

9

L

a

c

t

a

t

e

 

2

1

L

a

c

t

a

t

e

 

3

9

A

r

g

+

S

p

e

+

L

e

u

 

2

1

A

r

g

+

S

p

e

+

L

e

u

 

3

9

G

l

u

t

a

m

i

n

e

 

2

1

G

l

u

t

a

m

i

n

e

 

3

9

C

i

t

r

a

t

e

 

2

1

C

i

t

r

a

t

e

 

3

9

F

r

u

c

t

o

s

e

 

2

1

F

r

u

c

t

o

s

e

 

3

9

0

20

40

60

80

100

I

n

t

e

g

r

a

l

 

v

a

l

u

e


image44.emf
Integral value

100+

80+ T

60
404
20-
T M - -
- .
D P P









L

i

p

i

d

 

2

1

L

i

p

i

d

 

3

9

L

a

c

t

a

t

e

 

2

1

L

a

c

t

a

t

e

 

3

9

A

r

g

+

S

p

e

+

L

e

u

 

2

1

A

r

g

+

S

p

e

+

L

e

u

 

3

9

G

l

u

t

a

m

i

n

e

 

2

1

G

l

u

t

a

m

i

n

e

 

3

9

C

i

t

r

a

t

e

 

2

1

C

i

t

r

a

t

e

 

3

9

F

r

u

c

t

o

s

e

 

2

1

F

r

u

c

t

o

s

e

 

3

9

0

20

40

60

80

100

I

n

t

e

g

r

a

l

 

v

a

l

u

e

 


image45.emf
T
S
N

T
<§

X
o"e
R

v$

100+

|
o
0

| |
o o
© <

anjeA |el1baju|

|
o
N









L

i

p

i

d

 

U

T

L

i

p

i

d

 

T

L

a

c

t

a

t

e

 

U

T

L

a

c

t

a

t

e

 

T

A

r

g

+

S

p

e

+

L

e

u

 

U

T

A

r

g

+

S

p

e

+

L

e

u

 

T

G

l

u

t

a

m

i

n

e

 

U

T

G

l

u

t

a

m

i

n

e

 

T

C

i

t

r

a

t

e

 

U

T

C

i

t

r

a

t

e

 

T

F

r

u

c

t

o

s

e

 

U

T

F

r

u

c

t

o

s

e

 

T

0

20

40

60

80

100

I

n

t

e

g

r

a

l

 

v

a

l

u

e

 


image46.emf
15007

1 1
o (=]
o (=]
o n
-—

anjeA |eldbaju|










L

i

p

i

d

 

U

T

L

i

p

i

d

 

T

L

a

c

t

a

t

e

 

U

T

L

a

c

t

a

t

e

 

T

A

r

g

+

S

p

e

+

L

e

u

 

U

T

A

r

g

+

S

p

e

+

L

e

u

 

T

G

l

u

t

a

m

i

n

e

 

U

T

G

l

u

t

a

m

i

n

e

 

T

C

i

t

r

a

t

e

 

U

T

C

i

t

r

a

t

e

 

T

F

r

u

c

t

o

s

e

 

U

T

F

r

u

c

t

o

s

e

 

T

0

500

1000

1500

I

n

t

e

g

r

a

l

 

v

a

l

u

e

 


image41.jpeg
Ejaculates
(n=45)

Normozoospermic Oligozoospermic Asthenozoospermic
(n=38) (n=3) (n=4)

Figure 5.1: Recruitment of donors and processing of semen (SP= Seminal Plasma; Sperm=
Spermatozoa; Low= low motility spermatozoa collected form the 40/80 interface following density
centrifugation, High= high motility spermatozoa pellet formed following density centrifugation.)
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Figure 5.3: Intra donor metabolite comparisons of high motility spermatozoa
from the pellet following density centrifugation from (a) Donor 1= 4 ejaculates,
(b) Donor 2=3 ejaculates. Each graph is normalised using total integral.
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