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[bookmark: _Toc497725384]Introduction
Throughout history, the majority of pregnancies were unplanned. After the introduction and awareness of effective contraceptives in the 1960-70s, combined with access to legal abortions, it became possible for men and women to decide when to start a family (Hvidman et al., 2015). Today, childbearing is often postponed and first-time parents are definitively older than in previous times (Sartorius & Nieschlag, 2010). Young people want to maintain an independent lifestyle, finish their education and achieve financial security, prior to having a family (Bretherick et al., 2010). Many of the 32- and even the 36/40-year-olds do not feel ready to become a parent (Schytt et al., 2014). In many cases the potential parents are not aware of the fact that an advanced reproductive age is associated with a prolonged time to pregnancy (TTP), an increased risk of infertility, and a range of adverse pregnancy complications (Schmidt et al., 2012). Young men and women also seem to overestimate the results of today’s assisted reproductive technology (ART) (Habbema et al., 2015). In Sweden, the age of first time parents has successively increased since the late 1960s. The mean age for a man to have his first child has increased almost five years from 1975 to 2015 (age 27 to 32 yrs), and more than three years for a woman during the same time period (age 26 – 29 yrs) (Statistics Sweden), Figure 1. 
[image: ]
Figure 1. 
Mean age of first-time mothers and fathers in Sweden from 1971-2013. Source: Nordic Co-operation 
Most young people want to have two children or more, but many will not achieve to get one and several will fail to have a second one. Couples who want a 90% chance of having a two-child-family should start trying to conceive at a female age of 27 years or at 31 years if accepting in vitro fertilization (IVF). If a wish of a three-child family, they need to start 3-4 years earlier (Habbema et al., 2015). To maintain the population in industrialized countries it has been calculated that every woman needs to give birth to an average of 2.1 children, but this is often not the case. In Sweden, the actual number in 2016 was 1.85 (Statistics Sweden).
From a biological point of view, the optimal period for a woman to have a child is between 18 and 30 years, thereafter, the ability to conceive declines progressively and reaches a natural limit at menopause (Habbema et al., 2015). What is the optimal time from a biological point of view for a man to become a father is more uncertain. Evidence shows that increasing paternal age is a risk factor for reduced fertility with declining levels of androgens and a deterioration in sperm quality, including sperm DNA integrity (Sartorius & Nieschlag, 2010). Due to reports on deteriorating semen quality (Serrano et al., 2013) and an increasing incidence of testicular cancer (Znaor et al., 2014), interest in male reproductive function has increased lately. The pathobiology behind these trends is poorly understood, and both environmental and genetic factors may be involved. A potentially decreased male fertility may contribute to lower birth numbers in many European countries (Group, 2010). 
Involuntary childlessness is a health problem affecting 13-15% of all couples in the Western world (Datta et al., 2016, Sharlip et al., 2002). In about one third of infertility cases a female factor can be identified, in one third a male factor, and in the remaining cases both individuals are affected or no underlying factor can be identified (Sharlip et al., 2002). Little is known about the mechanisms behind male subfertility, despite an extensive investigation the diagnosis is often, at best, just descriptive – e.g. low sperm count, abnormal sperm morphology and poor sperm motility (Bungum, 2012, Esteves et al., 2012).
As young men and women choose to delay childbearing, the demand for information regarding an individual’s future fertility potential is predicted to grow. Can parenthood be postponed and for how long? Which of the semen parameters predicts fertility best (Birch Petersen et al., 2015, Schmidt et al., 2012)? 
Prediction of natural conception over time for a man from the general population remains difficult, and for decades the relationship between traditional semen parameters and the chance of conception has been debated (Esteves et al., 2012, Tomlinson et al., 2013). Natural conception and male fertility have often been examined by studying men whose partners have recently achieved a pregnancy or by assessing semen parameters in follow-up of couples trying to conceive in a given time period. Despite several published studies to elucidate the association between semen parameters and the probability of pregnancy, as of today – no consensus has been reached. Only few studies have evaluated the long-term predictive value of sperm parameters in relation to fertility of men in the general population (Tomlinson et al., 2013). 
[bookmark: _Toc497725385]Semen analysis 
In addition to medical history, physical examination and blood laboratory investigation (e.g. hormones); semen analysis is still the most important diagnostic tool to diagnose and characterize the fertility potential of a man. These data are useful in both a clinical and research setting (Esteves et al., 2012, Krausz, 2011). The traditional semen analysis includes evaluation of semen volume, sperm concentration, total sperm count, total motility, progressive motility, and sperm morphology. Due to intra-individual variation, the diagnosis should be based on the examination of at least two semen samples (World Health Organization., 2010).
The semen analysis may be complemented by a seminal plasma analysis that includes measurement of zinc and PSA (reflecting prostate function), fructose (reflecting seminal vesicle function) and albumin (reflecting leakage from blood due to inflammation) (Esteves et al., 2012, Wang & Swerdloff, 2014). 
A manual for semen analysis has been published by the World Health Organization (WHO) and five editions are currently available. The two most recent versions are from 1999 and 2010 (World Health Organization., 1999, World Health Organization., 2010), Table 1.
Table 1. 
Cut-off reference values for semen parameters in World Health Organization (WHO) manuals from 1999 and 2010. Modified from paper 3.
	semen parameter
	WHO 1999
	WHO 2010a

	total sperm count (106)
	≥40
	39

	sperm concentration (106/mL)
	≥20
	15

	progressive motility, grade A (%)
	≥25
	

	progressive motility, grade A+B (%)
	≥50 
	32

	total motility, grade A+B+C (%)
	
	40

	morphology (% normal forms)
	4b
	4c

	volume (mL)
	≥2.0
	1.5


aLower reference limit obtained from lower fifth percentile value 
bValue not defined, but strict criterion suggested
cStrict (Tygerberg) criterion
Grade A, rapid progressive motility (>25μm/s), Grade B, slow/sluggish progressive motility (5-25μm/s)
Grade C, non-progressive motility
Compared to previous editions, the latest version is based on a more well-defined group. Namely, subjects that have partners with a TTP ≤12 months, and with the 5th percentile given as the lower reference limit (World Health Organization., 2010). The aim of the guidelines is to standardize and improve the quality of semen analysis, not to distinguish between fertile and infertile men (Cooper et al., 2010).
The reference limits provided in the manuals have become the subject of debate and have been updated in the various editions (Esteves et al., 2012, Hart et al., 2015, Sharlip et al., 2002, Tomlinson et al., 2013). In general, studies requiring semen analysis have low participation rates. Most reference populations are based on recruits from infertility clinics, self-selected volunteer donors or men seeking a vasectomy. All in all, the validity of such reference values is rather questionable (Hart et al., 2015, Hvidman et al., 2015). It is probable that methodological differences have also contributed to the inability to establish reference limits that are accepted by all experts (Esteves et al., 2012). In addition to the manual analysis of sperm concentration, motility and morphology; computerized image analysis based systems have been developed. Although this technology is not yet recommended in routine assessment, it is regarded as an optional method in the WHO manual (World Health Organization., 2010). 
It has been shown in some studies, that sperm motility is strongly associated with the probability of conception (Jouannet et al., 1988). In a study by Bonde et al., however, concentration and morphology, and not motility, was associated with pregnancy. According to this particular study, the probability of pregnancy increased with sperm levels up to 40×106/mL (Bonde et al., 1998). When motility in the same cohort was assessed using CASA (computer-assisted sperm analysis), motility was a predictor of fertility (Larsen et al., 2000). In another study, the fertility cut-offs for sperm concentration, motility and morphology were >48×106/mL, >63% and >12%, respectively. Despite these cut-off values, the conclusion from the study was that no individual parameter is a particularly powerful predictor of pregnancy (Guzick et al., 2001). Also, a combination of semen characteristics has been suggested as a better marker of fertility potential than the single parameters (Haugen et al., 2006). Additionally, there is often an overlap within both the fertile and subfertile ranges between sperm parameters from fertile and subfertile men (Guzick et al., 2001). Currently, no consensus has yet been reached concerning the best predictor of male fertility (Hvidman et al., 2015, Tomlinson et al., 2013). 


[bookmark: _Toc497725386]Spermatogenesis and regulation 
Spermatogenesis is a complex process involving many steps that transform spermatogonial cells into spermatozoa (de Kretser et al., 1998, Hess & Renato de Franca, 2008). From puberty until an advanced age, spermatogenesis is an ongoing process that results in the production of hundreds of millions of sperm every day (O'Donnell et al., 2000).
The formation of spermatozoa occurs in the seminiferous tubulus. Here, precursors at different stages of maturation are localized adjacent to an epithelial layer of Sertoli cells. These cells protect the spermatozoa from the immune system and also support and provide the germ cells with factors necessary for spermatogenesis (Hess & Renato de Franca, 2008), Figure 2. 
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Figure 2. 
Schematic illustration of testis, seminiferous tubule and development of spermatozoa from a spermatogonium to a sperm cell. Drawing by Monika Świerczewska.
The Sertoli cells stop dividing at the beginning of puberty, and the number of cells reached at this point is an important determinant of the capacity for spermatogenesis (O'Donnell et al., 2000). Full capacity for spermatogenesis is reached around the age of 19 years; with only a marginal, subsequent increase in sperm production and a slight improvement in sperm motility and morphology (Perheentupa et al., 2016). With increasing age, the number of Sertoli, Leydig and germ cells decreases. It has been suggested that a paternal age of over 40 years is associated with lower fertility and an increase in pregnancy-associated complications (e.g. miscarriage rate, pre-eclamsia, uteroplacental bleeding and premature births) (Sartorius & Nieschlag, 2010).
The process of sperm formation is usually divided into three phases; mitosis, meiosis, and spermiogenesis. During mitosis the number of differentiating germ cells is increased. During meiosis reduction division occurs resulting in haploid round spermatids that then enter spermiogenesis. It is during this third phase that sperm-specific structures, e.g. flagellum, acrosome, and compact chromatin, are formed, Figure 3.
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Figure 3. 
A schematic illustration of spermatogenesis. Drawing by Monika Świerczewska.
After formation in the testis, spermatozoa enter the epididymis for further maturation and acquire the ability to propel forward and fertilize an egg. The transit through the epididymis is necessary for the spermatozoa to become fully functional. From the initiation of spermatogenesis, it takes approximately 72 days for the spermatozoa to reach the cauda epididymidis. The final maturation phase known as capacitation, occurs in the female reproductive tract. During this process, the acrosome is destabilized, motility improved and the spermatozoa achieve maximal fertilization capacity (Hess & Renato de Franca, 2008, O'Donnell et al., 2000).
Spermatogenesis is regulated by hormones via the hypothalamic-pituitary-gonadal (HPG) axis (Patel et al., 2016). The hypothalamus synthesizes and secretes gonadotropin-releasing hormone (GnRH) in pulses into the portal circulation. This stimulates cells in the anterior portion of the pituitary gland, the adenohypophysis, to secrete LH and FSH. These gonadotropins regulate testosterone production and spermatogenesis in the testes. FSH is required for induction and maintenance of spermatogenesis; whereas testosterone is secreted by the Leydig cells when stimulated by LH. In a negative feedback loop, both the hypothalamic secretion of GnRH and the pituitary secretion of gonadotropins are controlled by testosterone and the metabolite thereof, estradiol (Corradi et al., 2016, Ohlander et al., 2016). The secretion of FSH is also regulated in a negative feedback loop by inhibin B, a peptide hormone from the Sertoli cells (Corradi et al., 2016).
Increasing male age impacts the hypothalamo-pituitary-testicular axis resulting in decreased circulating androgen levels. Ultimately, this leads to reduced androgenic effects at target organs (Sartorius & Nieschlag, 2010).
[bookmark: _Toc497725387]Factors associated with semen quality 
To understand the mechanisms behind male fertility and subfertility, it is of importance to understand how other internal and external factors, besides the HPG axis, affect semen quality. 
The duration of abstinence time positively influences sperm concentration, volume, the number of leukocytes, and DNA fragmentation. Conversely, sperm motility and vitality decreases with increasing abstinence time (Carlsen et al., 2004, Comar et al., 2017).
A recent review and meta-analysis of the impact of age on semen quality concluded that age is associated with a decline in semen volume, percentage motility, progressive motility, normal morphology, and an increase in DNA fragmentation. Sperm concentration did not appear to decrease. This may be, however, a masking effect due to lower semen volumes (Eisenberg & Meldrum, 2017, Johnson et al., 2015). Regional differences in semen quality have also been described. Studies and comparisons have been made in several countries including Finland, Sweden, Denmark, Norway, Estonia, Lithuania, Latvia, Japan, Spain, and Germany. The results have been summarized by Virtanen et al. (Virtanen et al., 2017). The conclusion drawn was that clear regional differences do exist. The study also raised the point that semen quality in many countries is now at a level to elevate concerns regarding overall male fertility. This is probably the result of a temporal decline in sperm counts. In the first review and meta-regression analysis of temporal sperm counts, the data indicated that there has been a steady decline in North America, Europe, Australia and New Zealand over the last four decades (Levine et al., 2017). Notwithstanding, methodological differences constitute a significant problem in temporal studies on changes in sperm quality (Virtanen et al., 2017). Apart from methodological differences other factors, e.g. sexual habits, genetic variations, developmental disorders, life-style and environmental factors have also been associated with semen quality (Leaver, 2016, Vecoli et al., 2016, Virtanen et al., 2017). Developmental disorders that have been linked to low spermatogenic capacity include cryptorchidism, hypospadias and testicular cancer (Serrano et al., 2013). Most studies on smoking (tobacco and/or marijuana) and alcohol consumption have demonstrated a negative effect on semen quality (Virtanen et al., 2017). 
Obesity has a major impact on global health. The results from a meta-analysis indicated that overweight and obese men (BMI>25) have a significantly increased risk of a oligozoospermia and/or azoospermia diagnosis (Sermondade et al., 2013). Furthermore, a recent study of 166 men across a broad weight range showed that BMI was negatively-associated with sperm concentration, total sperm count, progressive sperm motility, normal sperm morphology, and percentage of vital spermatozoa. No relationship between BMI and DNA fragmentation index (DFI) was observed (Andersen et al., 2015). This is in agreement with our own results. In a study on 1,500 men recruited from the general population without yet proven fertility, no association was observed between BMI and sperm DNA damage (Bandel et al., 2015). The etiology behind the potential association between obesity and semen quality is suggested to be multi-factorial and includes both endocrine disturbances and direct effects on e.g. Sertoli cell function (Virtanen et al., 2017). 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Endocrine disturbances can also be caused by chemicals that can have an effect on both semen quality and the concentration of reproductive hormones. Both persistent organic pollutants and other persistent (or less persistent) compounds, e.g. pesticides and pharmaceuticals, may impact male reproductive function (Sifakis et al., 2017). 
Furthermore, abnormal semen characteristics may be due to another, underlying medical condition, e.g. testicular cancer and pituitary tumours. Failure to perform a thorough investigation can thus have serious health consequences if the underlying condition is not detected and treated (Marshburn, 2015). 
In a recent study, it was shown that men from infertile couples have biochemical signs of hypogonadism at a significantly-increased rate. This condition is associated with metabolic disturbances and lower bone mineral density (Bobjer et al., 2016). When data from 40,000 men collected over a 40-year period was studied, an inverse relationship between semen quality and mortality was observed. Such an observation further suggests the importance of early identification and treatment of subfertile men (Jensen et al., 2009). 


[bookmark: _Toc497725388]Seasonal variation of birth rates and semen quality
Epidemiological studies have shown a seasonal variation in birth rates. Interestingly, the timing of peak birth rates vary with latitude (Levine, 1999). According to Statistics Sweden, half of all births in Sweden occur from April to August with a peak in July (Statistics Sweden). The opposite is apparent in sub-tropical countries with a reduction in births during spring and a peak in winter (Rojansky et al., 1992). 
The fact that conception and birth rates display a seasonal variation has spurred studies on seasonal changes in sperm parameters (Levine, 1994, Rojansky et al., 1992). Despite a number of studies on both fertile and infertile men, there is no consensus concerning which season is associated with optimal sperm parameters (Ozelci et al., 2016). Thus, data on seasonal variation in sperm quality remains the subject of controversy. From studies performed in North America, Europe and Asia, the lowest sperm concentrations have been described in most studies in summer. The season with the highest sperm concentrations varies, and the highest values have been described for autumn, winter and spring. For the other semen parameters, data on seasonal variation also varies between studies. To what extent the variations in semen parameters contribute to male fecundity, is still unclear (De Giorgi et al., 2015). 
Determining seasonal variation of sperm quality may be an important factor for managing couples with male-related infertility and unsuccessful and prolonged treatments. Therefore, in order to increase the chance of conception, defining a pattern of seasonal sperm quality may aid in determining the optimal timeframe for initiating infertility treatment (Ozelci et al., 2016). 
The mechanism(s) behind these variations remains unclear. Potentially modulated by an internal biological clock, changes in temperature and number of daylight hours have been suggested as contributing factors (Levine, 1994). Most studies indicate that the testis is sensitive to temperature. High temperatures may be associated with reduced sperm production and, therefore, with impaired semen quality (Wang et al., 2007). No difference, however, was apparent when outdoor and indoor workers were compared. Thus, this mechanism for seasonal variation in sperm quality is less probable (Levine et al., 1990).
Seasonal changes are observed not only for birth rates, but also in the level of melatonin in the blood. Such observations have prompted studies on the influence of light on sperm production. It has been suggested that suprachiasmatic nuclei of the hypothalamus via the retinohypothalamic tract may modulate the pineal production of melatonin. In turn, this could affect the release of pituitary gonadotropins, possibly via gonadotropin-releasing hormones. Yet, the results on a subsequent seasonal variation in blood testosterone are not consistent (Li & Zhou, 2015, Smith et al., 2013).
Apart from the factors mentioned above, variations in birth rates could be caused by social factors. The most obvious factor is the frequency of sexual intercourse. Conception peaks have been associated with holidays; Christmas and New Year in the USA and the August vacation in France (Lam & Miron, 1991). Also, seasonal depression (seasonal affective disorder) has been suggested to be associated with varying birth rates, possibly via decreased sexual activity during periods of depression. Sexual activity could also be influenced by temperature at locations with hot summers and/or cold winters (Levitas et al., 2013, Mao et al., 2017, Rojansky et al., 1992).
[bookmark: _Toc497725389]Male fertility and infertility
When most couples decide to have a child, they usually succeed within one year. Approximately 80% of couples destined to become pregnant within one year will achieve this goal by six months, and in most cases within the first three months. Infertility is defined as failure to achieve a pregnancy after twelve months of unprotected sexual intercourse with the same partner (Marshburn, 2015). 
Male fertility can be affected by any process potentially harmful to sperm production and quality. The underlying factors are often categorized as pre-testicular, testicular and post-testicular factors. Pre-testicular factors include congenital disorders and reasons that affect the normal hormonal regulation of the testis e.g. obesity (increases the risk of hypogonadotropic hypogonadism), ethanol, and medication (Krausz, 2011). 
Testicular factors that may affect spermatogenesis include, e.g. varicocele (Masson & Brannigan, 2014), cryptorchidism (Thorup et al., 2010), smoking (tobacco, marijuana), ethanol, endocrine disorders, environment and lifestyle (Virtanen et al., 2017), prior chemotherapy, a history of testicular cancer, genetic factors (e.g. Klinefelter, abnormal Y chromosome), infections (e.g. mumps), immunological disorders (autoantibodies). These factors often result in disturbed maturation and production of sperm and can be observed as abnormal morphology (teratozoospermia), abnormal motility (astenozoospermia), low sperm count (oligozoospermia) or absence of sperm (azoospermia). Quite often, the cause of infertility is a combination of these factors. 
In the majority of cases, no clear pathobiological mechanism behind impaired fertility can be identified. Lifestyle and environmental factors are often suggested as contributing elements; but in what way, and to what extent, is still unknown. Nor is it known if, and to what extent, exposure to agents harmful in utero can impact future fertility (Sharpe, 2010). 
Post-testicular causes of male infertility, i.e. factors that impair sperm transport from the testis to the ejaculate; include vasectomy, genital infections, ejaculatory duct abnormalities (cystic fibrosis, congenital bilateral absence of the vas deferens), retrograde ejaculation and erectile dysfunction (Krausz, 2011).
[bookmark: _Toc497725390][bookmark: _Toc363818273]Sperm DNA integrity 
Semen analysis is an important diagnostic tool for the investigation of male fertility (World Health Organization., 2010). Despite the WHO guidelines, however, higher quality predictive biomarkers for male fertility are imperative (Sakkas et al., 2015). The result from a traditional semen analysis just reflects the status of the testes, epididymides and the accessory sex glands (prostate, seminal vesicles) (Esteves et al., 2012, Wang & Swerdloff, 2014). At best, this information provides a rough guide for differentiating ’probably fertile’ from ’probably sub-fertile’(Guzick et al., 2001). It does not account for putative sperm dysfunctions due to, e.g. chromatin abnormalities (Sakkas et al., 2015). A man with a normal semen analysis can still have abnormal sperm function (Marshburn, 2015).
Since the introduction of various techniques for studying sperm chromatin integrity, the clinical value of this approach has been assessed in several studies. The results indicated that sperm DNA damage is associated with fertility and that the degree of DNA damage can be used as a supplement to the traditional semen parameters (Giwercman et al., 2010). 
Four different tests for quantitating DNA damage are currently in clinical use. These methods all label DNA breaks, but none provide any additional information concerning the nature of the breaks, the underlying mechanism or the exact pathobiological consequences of the damage. The clinical value of measuring DNA damage, particularly when using the sperm chromatin structure assay (SCSA) and calculating the DNA fragmentation index (DFI); lies in using the methods as a predictor of subfertility and subsequent optimization of the treatment for the infertile couple (Bungum, 2012, Simon et al., 2017). Studies have reported that DFI is an independent marker of fertility, and the chance of spontaneous pregnancy is considered constant if DFI is between 0-20%. The risk of fertility problems increases with a DFI >20% and there is almost no chance of a spontaneous pregnancy when the DFI is >30%. When the DFI is used with traditional semen parameters, the risk of infertility already increases with a DFI >10% combined with one abnormal semen parameter (according to the WHO reference values) (Bungum, 2012).
The exact mechanism(s) causing sperm DNA damage is unknown. During the complex spermatogenesis process, DNA damage can occur at any stage. Several mechanisms responsible for DNA damage have been proposed, e.g. inadequate repair of DNA breaks during DNA remodelling and packaging, or during abortive apoptosis to prevent overproliferation (Tamburrino et al., 2012). 
The most important mechanism behind sperm defects is thought to be oxidative stress as a result of an imbalance between seminal plasma antioxidant capacity and the generation of reactive oxygen species (ROS) (Du Plessis et al., 2015). Up to 40% of male infertility cases have been associated with elevated ROS concentration (Ko et al., 2014).
Both the sperm plasma membrane and the nuclear membrane can be damaged and thus, also sperm DNA (Tremellen, 2008). Various reasons for increased ROS levels have been suggested, e.g. fever, varicocele, obesity, metabolic syndrome, sedentary lifestyle, age and smoking (Opuwari & Henkel, 2016). Leukocytes and dead spermatozoa, however, are probably the main source (Bungum, 2012). In the absence of ejaculation, spermatozoa accumulate in epididymis. Lengthy ejaculatory abstinence could increase the exposure of spermatozoa to the damaging effects of ROS generated primarily by abnormal spermatozoa and granulocytes (Agarwal et al., 2016). An increase in oxidative stress can damage not only sperm DNA, but multiple studies have demonstrated the negative effects of ROS on sperm concentration, motility and morphology (Ko et al., 2014). 
ROS can be inhibited by melatonin. This hormone is an effective antioxidant and a physiological scavenger of hydroxyl radicals (Hardeland et al., 1993). Melatonin has been shown to have a positive effect on sperm motility and protects spermatozoa from apoptosis induced by ROS (Espino et al., 2011, Ortiz et al., 2011). The secretion of melatonin by the pineal gland is light-dependent and higher levels occur during the period of the year with decreased light levels. A positive correlation between DNA fragmentation and seminal plasma melatonin has been demonstrated (Bejarano et al., 2014, Sharbatoghli et al., 2015). This indicates that the circannual variation in melatonin could result in parallel changes in DNA fragmentation and possibly contribute to the circannual variation in birth rate. 
[bookmark: _Toc497725391]microRNA and male subfertility
Since the discovery of the first microRNA (miRNA) in the early 1990s, numerous studies on miRNA have been published. It is now clear that these are important regulators of gene expression and consequently are associated with human disease (several cancers, diabetes, cardiovascular diseases, nervous system disorders). miRNAs are small, non-coding RNA molecules (containing about 22 nucleotides). The majority are located intracellularly; whilst some, commonly known as circulating miRNAs or extracellular miRNAs, occur in the extracellular environment. miRNAs form base pairs with sequences in mRNA molecules. As a result, these are silenced and are thus an example of epigenetic gene regulation (Wang et al., 2016), Figure 4.
[image: ]
Figure 4.
[bookmark: _GoBack]Function of miRNA. Precursor miRNA is synthesized in the nucleus. Intracellularly, mature miRNA molecules negatively regulate expression of genes in cytoplasm mainly by binding its heptametrical seed sequence (situated at position 2-8 from the 5' end of miRNA) to the complementary sequence in the 3' untranslated region (UTR) of mRNA resulting in inhibition of translation. Extracellular miRNAs can be found in the circulation in different forms (A-D) and are considered promising biomarkers. Drawing by Monika Świerczewska, modified from (Creemers et al., 2012).
It has been shown that miRNAs are also expressed in the male reproductive tract, both in the testis and in the epididymis. Thus, it is not inconceivable that such miRNAs may provide a novel, non-invasive approach to evaluate male fertility. More than 450 different miRNAs have been detected in human spermatozoa (Salas-Huetos et al., 2014). The seminal plasma levels of some of these have been associated with infertility in patients with azoospermia and asthenozoospermia (Wang et al., 2011, Wu et al., 2012). 
In a recent study by our group, miR-146a and miR-155-5p were investigated in a group of subfertile men. In serum, miR-155-5p, but not miR-146a, was strongly-associated with subfertility. Subsequently, miR-155-5p was suggested as a potential, new fertility biomarker. When used in combination with levels of FSH, both the sensitivity and specificity of the predictive nature of the assay was increased. Independent of systemic inflammation and androgens that are often considered features of male subfertility; in this study, miR-155-5p was associated with subfertility (Tsatsanis et al., 2015). 
In another study by our group, four different miRNAs (miR-155-5p, miR-122-5p, miR-200a-3p and miR-200c-3p) were studied in sub-fertile men. These miRNAs were previously shown to be associated with fertility and metabolic disorders. Serum levels of miR-155-5p and miR-200c-3p were higher in sub-fertile men without metabolic disturbances, and in combination with FSH levels, the diagnostic power was further increased. The association, however, was not apparent in the group of subfertile men with metabolic disturbances. Although promising, the diagnostic potential of these miRNAs as biomarkers of fertility and the clinical value as predictors of fertility, still remains to be elucidated (Trzybulska et al., 2017). 
[bookmark: _Toc497725392]Male fertility deserves public health interest 
In the society of today, young people have the tendency to postpone parenthood (Waldenstrom, 2016). The combination of this societal trend with decreasing male fertility associated with declining semen quality, means that the challenges for the healthcare system in the area of reproductive medicine will increase (Hvidman et al., 2015). Young men and women need to be made aware of the consequences of postponing childbearing age. Not only with the risks associated with fertility problems and increasing age; but also the potential risks for their offspring (Ramasamy et al., 2015). A growing demand for individual counselling concerning actual, and future potential fertility, is expected (Hvidman et al., 2015). To be able to address this request, guidelines and reliable tests for predicting fertility are necessary (Sakkas et al., 2015). The currently available laboratory methods for assessing male fertility do not meet the expectations of healthcare providers or patients; and are unlikely to do so in the near future (Hvidman et al., 2015). The outcome of a male fertility investigation often results in a purely descriptive diagnosis; but the fundamental mechanism(s) underlying subfertility are seldom understood. Thus, new biomarkers in the area of reproduction medicine are imperative (Sakkas et al., 2015, Wang & Swerdloff, 2014). 
It is of particular interest for primary care general practitioners to be aware of the fertility issues mentioned above. These medical people are exposed to the general population seeking care for a plethora of reasons, not just problems related to fertility. The relationship between poor, general health with increased long-term morbidity and mortality, and male fertility underscores the importance of increasing general awareness (Latif et al., 2017). A young man seeking advice concerning, e.g. obesity should also be informed about the potential impact this can have on his fertility, now and in the future (Sermondade et al., 2013). An increased awareness amongst general practitioners of the association between general health and fertility; and the importance of discussing the consequences, positive and negative, of delaying parenthood will be even more critical for future generations.




[bookmark: _Toc497725393]Aims
The overall aim of this thesis was to evaluate existing and new, potential biomarkers to predict the likelihood of a man fathering a child. In addition, the potential impact of seasonal variation on male fertility was studied.
The aims were:
· to evaluate the association between standard semen parameters and the probability of fatherhood in a long-term, follow-up study (paper III); 
· to elucidate if serum/semen levels of miR-155-5p are predictive in relationship to fatherhood; and if miR-155-5p is associated with reproductive parameters in plasma and semen (paper IV); 
· to evaluate the impact of seasonal variation in daylight hours on sperm quality (paper I); and
· to investigate the association between seasonal variation in melatonin and the level of sperm DNA integrity (paper II).




[bookmark: _Toc497725394]Subjects and methods
[bookmark: _Toc497725395]Subjects
The study was performed north and south of the Arctic Circle, in Tromsoe, located at 69°42’N, 348 km north of the Arctic Circle (66°33’N) and in Oslo (59°56’N), 739 km south of the Arctic Circle. The distance between the two locations is approximately 1,150 km, Figure 5.
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Figure 5. 
Map of Norway with Tromsoe, Oslo and the Arctic Circle.
In both locations, a substantial variation in photoperiod is apparent over the year. North of the Arctic Circle, in Tromsoe, the polar night results in a total absence of daylight in the winter and the midnight sun (polar day) results in 24 hours of daylight in summer. South of the Arctic Circle, in Oslo, the difference in daylight hours is much less pronounced and neither polar night nor midnight sun is present.
The data in all four papers are based on the same cohort of Norwegian men in the age range of 19-40 years. Subjects were recruited in 2001 by advertising on the local radio and in local newspapers. 
At the beginning of May 2001, 92 and 112 men from Tromsoe and Oslo, respectively, reported for the first sample collection. For the subsequent three collections, 91, 82, and 91 men from Tromsoe and 110, 106, and 111 from Oslo reported. In addition to blood and urine samples that were collected on all four occasions (early and late summer, early and late winter), two semen samples were also collected in late summer and in late winter, Figure 6. 

Figure 6. 
Graph of monthly variation in daylight hours in Tromsoe (T) and Oslo (O), respectively, and the time points for sample collection, T1-T4 and O1-O4. Based on data from the Norwegian Meteorological Institute.
Apart from a maximum of five weeks holiday, all men had lived in the respective areas for a minimum of one year prior to the initiation of the study, and remained in the same area throughout the study. Background characteristics from 2001-2002 are reported in, Table 2. 
Data on ethnicity were not included in this study. As each participant was their own control, the genetic impact would therefore probably be of decreased importance. All subjects gave written, informed consent prior to the study and received a compensation of 1,000 Norwegian kronor (NOK) for participating.


Table 2.
Background characteristics of the subjects in Oslo and in Tromsoe, modifed from paper I. 
	
	Oslo
(n=112)
	Tromsoe
(n=91)a

	median (25th and 75th percentiles) age (yrs)
	26(24-32)
	30(26-34)

	median (25th and 75th percentiles) period of abstinence (days)
summer
winter
	

3.0(3.0-4.0)
3.0(2.0-3.5)
	

3.0(3.0-4.0)
3.5(3.0-4.0)

	median (25th and 75th percentiles) time outdoorsb
summer
winter
	
480(296-691)
360(200-700)
	
300(184-423)
270(165-510)

	education, ≥12 yrs 
	108(96%)
	93(98%)

	serious general diseasec
	2(1.8%)
	1(1.1%)

	history of cryptorchismd
	8(7.1%)
	6(6.6%)

	infertility ≥12 months
	6(5.3%)
	14(15%)


a The questionnaire was not available from one of the 92 men recruited in Tromsoe.
b Between 13.00-18.00 h (minutes per week during the past three months).
c Diabetes mellitus or renal insufficiency.
d History of (cumulative incidences) varicocele, torsion of testis, epididymitis, mumps orchitis, or sexual transmitted diseases (gonorrhea and chlamydia).
In order to evaluate the association between the semen parameters collected in 2001-2002 and fatherhood by matching data from the Norwegian Medical Birth Registry, a follow-up study of the same cohort was performed in 2015. At the beginning of the study in 2001, 30% of the men had fathered at least one child. According to the register data in 2015, 69% had now fathered a child.
In order to discriminate between voluntary and involuntary childlessness and to investigate whether the pattern was similar to the information from the registry, the men from the 2001-2002 study were contacted and asked to complete an on-line questionnaire concerning present health and fertility status. Of the 204 subjects that were approached, 103 (50%) replied. 
The study was approved by the Ethical Committee of Lund University, Sweden, and by the Regional Committee for Medical and Health Research Ethics, South East, in Norway. The follow-up study was approved by the Regional Committee for Medical and Health Research Ethics, South East, in Norway.
[bookmark: _Toc497725396]Interview and physical examination
All subjects underwent a physical examination by a medical doctor (Gunilla Malm), including measurement of testicular size by use of Prader’s orchidometer. The physical examination was performed twice (late summer and late winter). Data on height and weight were self-reported by each participant. 
[bookmark: _Toc497725397]Questionnaire
At the start of the study, the participants completed a questionnaire concerning health, diseases, medication, fertility, genital disorders, smoking and drinking habits, education, and profession. Questions concerning both summer and winter sun exposure were also included. At each of the following three occasions, the participants answered questions concerning actual exposure to daylight during the past three months.
In the follow-up study in 2014-2015, the participants completed an on-line questionnaire with similar questions as described above, but with a focus on fertility and fatherhood. 
[bookmark: _Toc497725398]Sample collection and analyses
[bookmark: _Toc497725399]Blood
The times for sample collection were based on the seasonal variation in daylight hours and the duration of spermatogenesis. The first blood sample (referred to as the early summer sample) was collected close to the polar day (28 May) and the longest daylight hours in Tromsoe in 2001. The second blood sample (referred to as the late summer sample) was collected approximately 70 days later (the time required for spermatogenesis) between 30 July to 10 August. The third collection occurred in early winter, close to polar night (28 November in Tromsoe) and the final collection in late winter, after approximately 70 days (21 January to 1 February 2002). 
In Oslo, the times for the early summer and early winter sample collection were based on the summer and winter solstice (21 June and 21 December 2001). The late summer and winter samples were collected approximately 70 days later (3 to 14 September 2001 and 4 to 15 March 2002, respectively). 
To minimize the effects of diurnal variation, all blood samples were collected between 08:00 and 10:00. The blood samples were drawn from an antecubital vein, centrifuged and stored as serum at -80°C. In the Tromsoe group, all four consecutive blood samples were available for the analysis of FSH and estradiol in 83 (90%) of the participants. For LH, testosterone and SHBG, 82 (89%) were available. The corresponding numbers for Oslo were 104 (92%) and 105 (93%). 
The serum analyses were performed at the Department of Clinical Chemistry, Skåne University Hospital, Malmö, Sweden. 
The serum samples were analysed using the methods described below:
· FSH and LH: immunoassays (Immuno 1®, Bayer Diagnostics, Tarrytown, NY, USA). The detection limits of the assays were 0.1 and 0.17 IU/L, respectively. The total assay coefficient of variation (CV) for FSH was 2.5% at 2.9 IU/L and 1.4% at 15 IU/L and for LH 2.6% at 3.0 IU/L and 1.7% at 15 IU/L. 
· Inhibin B: immunoassay with a detection limit 15 ng/L and intra- and interassay variation coefficients of <7% (Groome et al., 1996). 
· Testosterone (T): immunoassay (Access®, Beckman Coulter, Fullerton, CA, USA) with a detection limit of 0.35 nmol/L and a total assay CV of 2.8% at 2.9 nmol/L and 3.2% at 8.1 nmol/L. 
· SHBG (sex hormone binding globulin): immunoassay (Immulite® 2000, Diagnostic Products Corporation, Los Angeles, CA, USA). The detection limit was 0.02 nmol/L and the total assay CV was 3.7% at 29 nmol/L and 6.7% at 85 nmol/L.
· Free testosterone: calculated from total testosterone and SHBG concentrations using the formula by Vermeulen et al. (Vermeulen et al., 1999).
· Estradiol: immunoassay (DELFIA® Estradiol Kit, PerkinElmer-Wallac Oy, Turku, Finland). The detection limit was 8 pmol/L, and the total assay CV was 17.4% at 43.9 pmol/L and 6.7% at 303 pmol/L. 
[bookmark: _Toc497725400]Semen
The semen samples were obtained by masturbation at local laboratories in Tromsoe and Oslo; and were collected with the late summer and late winter blood and urine samples. Two laboratory technicians performed all analyses at both locations, and the same laboratory technician examined the summer and winter ejaculates from the same man. To minimize the risk of inter-laboratory variation, identical laboratory equipment was used in both Tromsoe and Oslo. Prior to semen collection, all participants were asked to abstain from ejaculation for 2-3 days. The length of abstinence was recorded. In Tromsoe, 92 and 90 men provided semen samples in late summer and late winter, respectively. The corresponding numbers in Oslo were 112 and 111.
The semen samples were analysed according to the 1999 guidelines recommended by the WHO (World Health Organization., 1999). After dilution of the semen sample with positive displacement pipettes, a Neubauer hemocytometer was used to calculate sperm concentration. The semen volume was determined by weighing the sample.
To assess sperm motility, a drop of the ejaculate was placed on a slide mounted on a heated stage (37°C). The movement of 200 spermatozoa were scored as rapid motility (A), slow or sluggish progressive (B), non-progressive motility (C), and immotile (D). To categorize the semen parameters according to the 2010 guidelines, categories A and B were merged. The inter-observer coefficient of variation was 9% for concentration and 5% for motility.
[bookmark: _Toc497725401]Urine 
To quantitate melatonin, the major metabolite 6-sulfatoxymelatonin (aMT6s) was analysed in urine following an overnight (12 h) urine collection. The urine was obtained the night before the blood sample collections (early summer, late summer, early winter and late winter). The urine was collected in light-protected plastic containers and delivered to the local laboratories at the same time as the blood samples were drawn, i.e. between 08:00 and 10:00. Urine aliquots were stored at -80°C.
The concentration of aMT6s was measured using a commercially available kit (Immuno-Biological Laboratories, Hamburg, Germany). The detection limit was 5.2 nmol/L and the CV was 8.6% at 154 nmol/L and 4.0% at 269 nmol/L. The results were standardized for intra- and inter-individual variation in nocturnal diuresis by dividing the concentration of aMT6s (nmol/L) by urinary creatinine levels (mmol/L). Throughout the study, this ratio is referred to as aMT6s. Creatinine was analysed on a Synchron LX20 (Beckman Coulter, Brea, CA, USA) using the Jaffé method. The detection limit for this assay was 0.88 mmol/L and the CV was 2.5% at 7.7 mmol/L and 3.5% at 21.3 mmol/L. 
All analyses were performed at the Department of Clinical Chemistry, Skåne University Hospital Malmö, Sweden. All four urine samples for analysis of aMT6s were available for 103 (91%) and 67 (73%) of the participants in Oslo and Tromsoe, respectively (twenty of the urine samples from early winter in Tromsoe were damaged during transportation). 
[bookmark: _Toc497725402]Sperm chromatin structure assay
The principles and procedure for measuring DNA damage by the flow cytometry-based semen chromatin structure assay SCSA (Evenson & Jost, 2000) are described in paper II. In short, the semen sample was subjected to a brief acid treatment that denatured the DNA at sites of single- or double-strand breaks. The spermatozoa were stained with a fluorescent DNA dye which differentially stained double (green)- and single (red)-stranded DNA. Using a flow cytometer (FACSort, Becton Dickinson, San Jose, CA, USA), the extent of DNA denaturation was measured and expressed as DFI. This is the ratio of red to total fluorescence intensity, i.e. the level of denatured DNA over total DNA. Five thousand cells were analysed and the result assessed using the SCSA Soft software (SCSA Diagnostics, Brookings, SD, USA). A sample from a normal donor ejaculate retrieved from the laboratory repository was used as a reference. The same reference sample was used for the whole study period and analysed with every fifth sample. The intra-laboratory CV for the DFI analysis was 4.5%. All analyses were conducted at the Reproductive Medicine Centre, Skåne University Hospital Malmö, Sweden.
[bookmark: _Toc497725403]MicroRNA 
RNA extraction
After centrifugation of serum and seminal plasma, extracellular circulating RNA was extracted by using the miRCURY™ RNA Isolation Kit (Exiqon, Vedbæk, Denmark) according to the instructions provided by the manufacturer.
Quantitative reverse transcription PCR (RT-qPCR)
Extracted RNA was reverse-transcribed using the miScript II RT Kit and quantitated with a kit from Qiagen (Hilden, Germany). Standard curves were generated to determine miRNA expression levels. Negative controls were included and data normalization performed.
[bookmark: _Toc497725404]Register data
In paper III and IV, information concerning if, and when, the men in the cohort had fathered a child was obtained from the Norwegian Medical Birth Registry. The register contained data for 195 of the 204 men originally enrolled in the study. 
[bookmark: _Toc363818286][bookmark: _Toc497725405]Statistical methods
The number of participants included in this thesis were originally based on power calculations with a priori assumptions regarding seasonal change in sperm concentrations and the estimated variations in data. The appropriate numbers were then assumed to be at least 100 in each city. 
The statistical methods used in the different papers are summarized below (details are given in each paper). In general, SPSS (IBM SPSS Statistics Chicago, IL, USA) was used and a p-value <0.05 was defined as statistically significant. 
Paper I
Wilcoxon signed rank test was used to evaluate the impact of length of daylight hours in summer and winter on the semen parameters and FSH and inhibin B levels. Each individual served as his own control and the observations were standardized for abstinence time. 
Spearman’s rank correlation coefficient was used to estimate the association between semen parameters and the average time spent outdoors in the past three months (minutes per week) in summer and winter.
Paper II
For the total cohort, and separately for the Tromsoe and Oslo cohorts, the correlations between early and late aMT6s summer excretion and summer DFI were investigated using Spearman’s rank correlation coefficient. Corresponding analyses were performed for the correlations between early and late aMT6s winter excretion and winter DFI.
To evaluate whether time-related variations in aMT6s were associated with similar variations in DFI, we investigated whether the difference in aMT6s correlated with the difference in DFI. Furthermore, the association between differences in aMT6s (i.e. early winter aMT6s/early summer aMT6s or late winter aMT6s/late summer aMT6s) were also analysed. To investigate whether the association between aMT6s and sperm DNA fragmentation level was dependent on the extent of sperm DNA damage, separate analyses were performed for the samples that had a DFI below and above the median value (10%).
Paper III
To investigate the associations between each of the semen parameters, logistic regression was applied to generate odds ratios (ORs) and 95% confidence intervals (CIs). With information from the Medical Birth Registry, the participants from the 2001-2002 study were categorized into two groups depending on if, and when, they had fathered a child up until 2015. The two groups were: (i) men who became first-time fathers after 1 January 2003 (yes vs. no), i.e. nine months after the study was completed (March 2002); and (ii) men who had never become fathers (yes vs. no). 
According to the reference values from each of WHO guidelines from 1999 and 2010, each semen parameter was dichotomized into normal or abnormal. 
A combined variable based on the parameters sperm motility and sperm concentration was created using the WHO reference values (three categories: both parameters above the cut-off reference values; one parameter above and one below the cut-off reference values; and both parameters below the cut-off values). 
Based on a reduced, or no, chance of spontaneous pregnancy for DFI values >20% and >30%, respectively, these cut-off values were chosen. All calculations were also adjusted for age and abstinence time. 
Finally, to distinguish between voluntary and involuntary childlessness, the same analyses were performed separately for men who stated in the questionnaire in the 2015 follow-up study that they had voluntarily chosen to have children. 
Paper IV 
Mann-Whitney U test was used to compare the levels of miR-155-5p in two groups of men, depending on if, and when, they had fathered a child up until 2015, i.e. the same design as in paper III.
According to the WHO 2010 reference values (as described in paper III), the same test was used to evaluate whether miR-155-5p in serum and the respective seminal plasma differed between men with normal vs. abnormal semen parameters. As in paper III, DFI was categorized at >20% and >30%. 
The correlations between miR-155-5p in serum and seminal plasma for each reproductive hormone, plus semen parameters, were analysed using the Spearman’s rank correlation coefficient. The Wilcoxon signed-rank test was used to compare levels of miR-155-5p in serum and seminal plasma. 
The results were presented as medians (interquartile ranges, IQR) and/or mean ± SD. The Shapiro-Wilk test was used to investigate the data distribution in each group. 




[bookmark: _Toc497725406][bookmark: _Toc496555878][bookmark: _Toc363818292]Results
[bookmark: _Toc497725407]Impact of seasonal variation in daylight hours on male reproductive function (paper I) 
In neither Tromsoe nor Oslo were any summer/winter statistical differences in sperm concentration observed. The median (range) sperm concentration in Tromsoe was 49 (3.0-240)×106/mL and 54 (0.0-210)×106/mL in summer and winter, respectively. The corresponding values for Oslo were 59 (2.0-290)×106/mL and 54 (3.0-280)×106/mL. No seasonal variation was observed for the other parameters (total sperm count, progressive motile sperm, volume) at either location, nor when both locations were analysed as one group. The calculations were also adjusted for abstinence time, Figure 7.
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Figure 7.
Levels of sperm concentration (A), motility (B), and sperm number (C) in Oslo and Tromsoe. 
In Tromsoe, the levels of inhibin B were slightly higher in winter than summer (p=0.02); whereas no such difference was apparent in Oslo. No seasonal difference in FSH levels was observed at either location, Figure 8.
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Figure 8.
Levels of FSH (A) and inhibin B (B) in Oslo and Tromsoe. 
In the summer in Tromsoe, daylight exposure (measured as average minutes spent outdoors in the afternoon over the past three months) negatively correlated with serum levels of inhibin B (rs=-0.24; P=0.02). No differences were observed in neither Tromsoe in the winter nor in Oslo, irrespective of the season for FSH, inhibin B or semen parameters. 
[bookmark: _Toc496555880][bookmark: _Toc497725408]Association between seasonal-related melatonin levels and sperm DNA damage (paper II)
[bookmark: OLE_LINK1]In the Tromsoe cohort, the mean (SD) DFI values during summer and winter were 12% (8.8%) and 12% (7.5%), respectively. The corresponding DFI values for Oslo were 12% (7.4%) and 11% (6.1%). The mean (SD) values for aMT6s in Tromsoe in early summer were 6.2 (4.3), late summer 7.1 (4.7), early winter 7.8 (5.1) and late winter 7.4 (5.0). The corresponding values for Oslo were 8.4 (4.8), 9.6 (5.3), 8.7 (4.9) and 9.9 (4.9), Figure 9.

Figure 9.
The mean values for DNA fragmentation index and 6-sulfatoxymelatonin for the different time points at sample collections in Tromsoe and Oslo (T1-early summer, T2-late summer, T3-early winter, T4-late-winter).
[bookmark: _Toc496555882]Regardless of season and location, no correlations were observed between aMT6s and DFI. No associations were apparent between time-related variations in DFI (i.e. winter DFI/summer DFI) and time-related variations in the levels of aMT6s (i.e. early winter aMT6s/early summer aMT6s and late winter aMT6s /late summer aMT6s, respectively). This was also the case for men with a DFI greater than (rs =-0.07 p=0.53) and less than (rs =0.07, p=0.53) the median value of 10%. 
All analyses were performed for the total cohort and also separately for the Tromsoe and Oslo groups.


[bookmark: _Toc497725409]Association between semen parameters and fatherhood (paper III)
In this study, men with a progressive sperm motility ≥32% (WHO 2010) and ≥50% (WHO 1999) had a higher chance of fathering a child in the group of men that had become fathers after 1 January 2003 (OR, adjusted for age and abstinence time [aOR] 4.2, 95% CI 1.1-15 p<0.03 and aOR 2.8, 95% CI 1.3-6.1 p<0.008, respectively). Similar results were observed for those men who had never become fathers (aOR 3.3 95% CI 1.1-9.6 p<0.03 and aOR 2.5, 95% CI 1.2-4.9 p<0.008, respectively).
When adjusted for age and abstinence time (aOR3.1 95% CI 1.1-8.6 p<0.03), an increased likelihood of fatherhood was also observed for those men with a sperm concentration ≥20×106/mL in the group of men who had become fathers after 1 January 2003 (WHO 1999).
When sperm motility and concentration were combined, there was a significantly higher chance for fatherhood when both parameters were ≥50% and ≥20×106/mL, respectively (both WHO 1999). Chances of fatherhood were reduced if either one, or both parameters, were below or above these levels (aOR 8.4 95% CI 2.1-34 p<0.003), Figure 10.
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Figure 10. 
Odds ratios and confidence intervals (CI) for motility and concentration (as single parameters and combined) at cut-off reference values according to the World Health Organization (WHO) 1999 and 2010. Data is from the comparison of men who had become fathers after 1 January 2003 versus those who had not. 
In the group of men who had never been fathers, there was a borderline significance for DFI at an unadjusted cut-off of 20% 2.7 (95% CI 1.0-7.0 p<0.05). 
[bookmark: _Toc496555884][bookmark: _Toc497725410]Association between miR-155-5p and fatherhood (paper IV)
When men who had become fathers were compared to men who had not, no statistically significant differences were observed in the miR-155-5p levels in serum and seminal plasma, Figure 11. According to WHO reference values from 2010 (World Health Organization., 2010), the comparison of men with normal vs. abnormal semen parameters did not reveal any difference in miR-155-5p levels. 
There was a significant, positive correlation between seminal miR-155-5p and serum inhibin B (rs=0.19, p=0.02) and a negative correlation between miR-155-5p in seminal fluid and serum levels of FSH (rs=-0.17, p=0.04) and LH (rs=-0.16, p=0.05). Furthermore, a positive association between miR-155-5p in seminal plasma and sperm concentration (rs=0.17, p=0.04) and DFI (rs=0.17, p=0.04) was observed. 
No correlation between serum and seminal plasma levels of miR-155-5p (rs=0.06, p=0.48) were apparent. The levels of miRNA in seminal plasma were, however, significantly higher compared to serum (median (IQR) 322 pM (362pM) vs. 683 fM (466 pM), p=<0.001, n=150).
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Figure 11. 
Levels of miR-155-5p in seminal plasma and serum for those who had become fathers and those who had not . Results are presented on a logarithmic scale. 
[bookmark: _Toc497725411]Discussion
In the present studies, we have investigated the association between standard semen parameters and the probability of fatherhood, elucidated miR-155-5p as a predictor of fertility and assessed the impact of seasonal variation in daylight and melatonin on sperm quality. Data obtained from a cohort of men from Tromsoe and Oslo was used to assess the impact of various semen parameters on the probability of fathering a child over an extended period of time. In this long-term follow-up study, it was shown that sperm motility and sperm concentration (as single parameters and also when combined) are the best predictors of achieving fatherhood. We also demonstrated that the level of miR-155-5p was higher in seminal plasma than in serum. Despite this finding, however, neither serum nor seminal plasma levels can be used to predict male fertility in a general population. A positive correlation between seminal plasma miR-155-5p and inhibin B, a negative correlation with LH and FSH and a positive association with sperm concentration and DFI indicated that miR-155-5p may reflect spermatogenesis-related processes. In order to elucidate whether a seasonal variation in DFI could be a contributing factor to the seasonal variation in births, DFI was also analysed in samples collected during winter and summer in the two locations. No such seasonal variation in DFI was apparent and no correlation with the urinary excretion of the melatonin metabolite aMT6s was observed. Thus, it is unlikely that the level of aMT6s impacts DFI. Standard semen parameters were also studied in relation to differences in daylight hours. The results indicated that the length of the daylight period does not affect human sperm characteristics. 
Improving our understanding of the factors that impact male fertility is important for numerous reasons. The incidence of fertility problems is only expected to continue to increase. As was discussed above, this is primarily due to young couples delaying parenthood; possibly combined with a general, global deterioration in semen quality (Serrano et al., 2013). This will have major ramifications for the healthcare system; and a significant unmet need for fertility investigations and fertility counselling will be the most probable outcome. Several studies on the association between various semen parameters have been performed. In a ’Policy and Practice’ paper from the British Fertility Society published in 2013, Tomlinson et al.  summarized appropriate studies on the relationship between semen parameters and natural conception in couples where no female factor was determined. The authors concluded that sperm motility has been shown to be the most predictive measure with respect to final outcome, i.e. a viable pregnancy (Tomlinson et al., 2013). Other studies have also indicated that motility is the best predictor of fertility (Jouannet et al., 1988, Nallella et al., 2006). Conversely, studies have also been published that have indicated that sperm concentration or sperm morphology are the best fertility-predicting semen parameters (Bonde et al., 1998). Bonde et al. followed 430 first-pregnancy planners and concluded that motility is of limited value and that the probability of conception increased with a sperm concentration up to 40×106 /mL. This study was designed to assess the association between semen quality and the probability of conception in a single menstrual cycle; whereas we have studied long-term fertility. As we only had a single semen sample at each time point (summer, winter), intra-individual variation is a factor that could potentially have had an effect on the results. The impact of intra-individual variation, however, has been debated. Rylander et al. concluded that the clinical question of whether the semen quality is normal, or not, can be answered by analysing a single sample in the majority (85%) of cases (Rylander et al., 2009). A considerable intra-individual variation is apparent for DFI; but only a small minority of men are reclassified after the analysis of a second sample (i.e. a DFI value implying fertility is changed to subfertility) (Bungum et al., 2011, Oleszczuk et al., 2011). 
The design of the various studies that have been performed on the diagnostic value of semen parameters is highly variable. This factor is probably the greatest contributor to the lack of consensus. Parameters that may impact the results obtained from such studies are, e.g. information concerning the female partner (e.g. age, tubal pathology, endocrine problems, previous pregnancy); size and length of the study; information concerning the male partner (e.g. known fertility, age, smoking habits); and laboratory methodology. In all studies, the overlap between different groups of men (fertile, subfertile etc.) is substantial and therefore the diagnostic value of the different semen parameters is sometimes limited. In order to improve our predictions on male fertility, new biomarkers are imperative (Esteves et al., 2012, Krausz, 2011).
A seasonal variation in sperm concentration has been reported in several studies (De Giorgi et al., 2015). The highest sperm concentration values are observed in winter; whilst the lowest values are reported in summer. An inherent circannual clock reset induced by seasonal changes in daylight hours has been reported in animals (Levine, 1994). Thus, it is not unreasonable to suggest that a similar mechanism exists in the regulation of humans; possibly also including sperm production. If this is the case, then studies performed in locations with extreme differences in daylight hours should be more suitable for demonstrating daylight-dependent sperm production. In order to account for the length of time for spermatogenesis and subsequent sperm maturation, the semen samples in our study were collected 2-3 months after the winter and summer solstices. That is, the study design should have detected daylight-dependent differences in sperm production. After adjustment for abstinence time, however, the only non-statistically significant trend that was observed was a 10% increase in median sperm concentration in Tromsoe during winter. This finding was in accordance with a statistically significant parallel increase in the serum levels of inhibin B.
Confounders that should be considered include abstinence time, cohort size and composition, laboratory equipment and inter-observer variation. Data analysis was adjusted for time of abstinence; the chosen cohort size should have enabled detection of a difference of at least 10×106 spermatozoa/mL; the same instruments were used in both Tromsoe and Oslo; and only two technicians examined the samples thereby minimizing observer-dependent variation. The males were recruited from the general population. Sperm concentration and the prevalence of infertility amongst the participants was similar to that reported for western, industrialized countries and the general Norwegian population. Thus, the participants should reflect the general male Norwegian population.
In a paper from 1999, Levine reviewed existing evidence for seasonal variation in semen quality and concluded that sperm counts do indeed decline in summer (Levine, 1999). This factor probably contributes to the reduced number of summer conceptions in some regions of the world, e.g. southern United States. Nevertheless, this does not appear to hold true for other regions of the world, e.g. northern Europe. Therefore, it is possible that seasonal variation is also driven by other factors such as photoperiod and temperature. Seasonal variation in semen characteristics has since been reported in several other studies, both prior to and following the publication of our data in 2004 (De Giorgi et al., 2015). The results of these studies, however, are not conclusive. A seasonal variation in sperm concentration was observed in some of these studies; whereas others reported seasonal variation in sperm motility, total sperm count, morphology or volume. The chosen study design in all cases may have impacted the results. Interestingly, there does seem to be a discrepancy between data obtained from cross-sectional studies compared to longitudinal studies. Most studies that showed seasonal variation are cross-sectional; whereas no seasonal variation was apparent in longitudinal studies.
A seasonal variation is not only observed with birth rates; but is also apparent for serum levels of melatonin (Li & Zhou, 2015). Higher levels occur during the darker period of the year. If melatonin levels impact sperm chromatin integrity, it could thus be expected that the seasonal variation in melatonin would be accompanied by a parallel seasonal variation in DFI; potentially impacting male fertility. No such correlation, however, was seen in our study. Neither was any correlation apparent when aMT6s levels were analysed in the samples collected 2-3 months before the collection of the semen samples, i.e. the approximate time period for initiation of spermatogenesis of the analysed spermatozoa. Melatonin and other antioxidants are expected to protect spermatozoa against the negative effect of reactive oxygen species (ROS) during spermatogenesis as well at the time of ejaculation (Bejarano et al., 2014, Kratz et al., 2014, Tremellen, 2008). 
Other studies that have shown the impact of melatonin on spermatozoa returned somewhat conflicting results. Melatonin supplements given to infertile men resulted in an increased semen antioxidant capacity, reduced sperm DNA damage and improved in vitro fertilization treatment results (Bejarano et al., 2014). It has also been shown that recently-proven fathers had higher levels of melatonin compared to infertile men (Ortiz et al., 2011). Storage of human spermatozoa in a medium containing melatonin reduced the number of non-viable spermatozoa and improved sperm motility (Du Plessis et al., 2015). In contrast to these studies, it has also been shown that melatonin in seminal plasma was positively correlated with sperm DNA damage (Sharbatoghli et al., 2015). 
It cannot be excluded that melatonin has an effect on sperm DNA quality. This may also be a consequence of extra-pineally produced melatonin. Testicular production of melatonin has been demonstrated in rats (Tijmes et al., 1996). In the same species, it was also shown that melatonin has an effect on Leydig cell testosterone synthesis (Ng & Lo, 1988). Extra-pineal production of melatonin in humans, however, has yet to be demonstrated (Kratz et al., 2014). Taken together, these results indicated that melatonin (possibly locally produced) may impact sperm quality and that melatonin from the pineal gland probably does not contribute to seasonal variations in birth rate. The exact mechanisms behind seasonal variation in male fertility, if any, still remain to be elucidated. 
In contrast to DFI, miR-155-5p does not appear to have any clinical value with respect to assessing long-term fertility. These results are in contrast to previous studies from our group, where higher serum levels of miR-155-5p in subfertile men were reported. This discrepancy may be explained by the different cohorts. In our study, men were selected from the general population; whereas the previous study included men who were already diagnosed as sub-fertile. In addition, a high proportion of these men also had hypogonadism and metabolic disturbances (Trzybulska et al., 2017, Tsatsanis et al., 2015).
Irrespective of whether miR-155-5p can be used as a marker of fertility or not, it appears likely that this miRNA is associated with spermatogenesis-related processes. This is because the seminal plasma level was higher than in serum and was associated with the levels of inhibin B, LH and FSH. These results may indicate a local synthesis of miR-155-5. Indeed, several miRNAs are expressed in the testes and in specific testicular cell types, e.g. germ cells and Sertoli cells. It has been demonstrated that different cellular processes are impacted by miRNAs, e.g. differentiation and proliferation (Eisenberg et al., 2015). Significant changes in miRNA levels have been described, e.g. in men following a vasectomy; with different histopathologic patterns (e.g. Sertoli cell only, mixed atrophy); and with non-obstructive azoospermia. From other studies, it is likely that miRNAs participate in the regulation of male fertility, however, the exact regulatory mechanisms and the clinical relevance of miRNAs in male reproductive function still remains to be elucidated (Eisenberg et al., 2015).
A deeper and more thorough understanding of the factors that regulate fertility is undeniably important. It is clear that with the aforementioned trend of delayed parenthood, a trend that possibly will be further aggravated by a general increase in life-expectancy; the demand for fertility counselling will continue to increase and subsequently, more accurate fertility biomarkers will be imperative.
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The conclusions of this thesis are:
· As either single parameters or when combined, sperm motility and sperm concentration can be useful in predicting the chance of fatherhood over a longer period of time.  Our results also indicated that semen parameters may have diagnostic validity beyond a short timeframe. Thus, these parameters may be clinically useful when predicting future fertility potential;  
· There is no correlation between miR-155-5p levels in seminal plasma and serum and serum miR-155-5p can not be used to predict male fertility in a general population. miR-155-5p in seminal plasma is associated with the levels of inhibin B, LH and FSH. This may indicate a local synthesis of miR-155-5p which could be associated with spermatogenesis-related processes; 
· Despite extreme seasonal differences in daylight (particularly north of the Arctic Circle), samples collected in summer and winter showed no seasonal variation in semen parameters (total sperm count, concentration, motility, morphology). Inhibin B, a marker of spermatogenesis, was slightly higher in Tromsoe in summer. This indicated that even a large seasonal variation in the length of the daylight period does not affect human sperm characteristics; and
· Regardless of location and season, and despite seasonal differences in urine levels of the antioxidant and free radical scavenger, melatonin (measured as the melatonin metabolite 6-sulfatoxymelatonin, aMT6s); no significant seasonal variation in DFI was observed. The DFI values also did not correlate with the excretion of aMT6s. Therefore, the circannual variation in melatonin is barely, if at all, involved in the mechanism of seasonal variations in birth rate.
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Future studies to identify new, predictive biomarkers of fertility should focus on the comparison of semen and blood samples from fertile and subfertile men. Such samples should be extensively characterized at the molecular level using both biochemical and genetic methods. Bioinformatic analyses of the resultant data may enable the identification of new biomarkers or sets of biomarkers that can be used to predict male fertility. 
Future studies aimed at characterizing the different factors behind seasonal variation in semen quality and birth rates should be based on larger cohorts in different geographical locations. This implies that such studies should include different temperatures, and possibly also different energetic factors, the latter most likely primarily affecting females. Also, sociodemographic aspects may be important, e.g. age (paternal and maternal), marital status, and education. Due to cohort size and above all, the complexity of fertility, subgroup analyses of both males and females would potentially enable the identification of specific factors that have thus far remained elusive. Also, clinical studies could be of interest. What is the outcome if a cohort is supplemented with, e.g. antioxidants?
Finding new predictive biomarkers for fertility and elucidating the mechanism(s) behind seasonal differences in birth rates requires additional analytes and replacement of some of the currently used immunochemical methods with mass spectrometry based assays, e.g. steroid hormone analysis. Proteomic studies of blood, sperm and seminal plasma could also provide new information. Does the proteome display any seasonal changes? Does the respective fertile proteome differ from the subfertile proteome? Additional assays that would also be of interest are, e.g. genetic characterization of the participants. Where are the DNA breaks localized? What is the clinical consequence of specific DNA breaks? How different are the study participants in the two locations? Single nucleotide polymorphisms (SNP) in the melatonin receptor have been described. Perhaps these affect melatonin sensitivity and daylight dependency?
Future studies should enable ‘Big Data’ analysis; with the aim of interpreting the combined output of clinical data, genetic information and the results from biochemical studies. This requires state-of-the-art bioinformatic technology and could potentially lead to the construction of algorithms that are based on a set of clinical information and variables from laboratory analyses to generate clinically useful information to assess and ideally, predict male fertility.


[bookmark: _Toc497725414]Populärvetenskaplig sammanfattning
Många unga par väljer idag, inte minst av socioekonomiska skäl, att senarelägga barnafödandet – ofta ovetande om att fertiliteten minskar med stigande ålder – hos såväl kvinnor som män. Flera rapporter om minskande spermiekoncentration samt en ökande förekomst av testikelcancer har gjort att intresset för mannens fertilitet på senare tid ökat. Man vet nu att orsaken till att ca 15% av alla par har svårt att bli gravida lika ofta finns att söka hos mannen som hos kvinnan. I årtionden har mannens fertilitet bedömts utifrån analys av sädesvätskan där antalet och koncentrationen av spermier bestämts samt en bedömning av rörelseförmåga och utseende gjorts. Det råder fortfarande oenighet om vilken/vilka av dessa parametrar som ger bäst information om mannens fertilitet. En bättre förståelse av vilka faktorer som påverkar sädeskvaliteten är viktig både för att förstå mekanismerna bakom infertilitet men också av diagnostiska skäl.
Vi har studerat 92 män från Tromsö och 112 män från Oslo i åldern 19-40 år med fokus på deras spermieparametrar och fertilitet. Deltagarna lämnade blodprov, spermaprov och urinprov – såväl på sommaren som på vintern. Information om vilka som blivit pappor erhölls från norska register. Deltagarna tillfrågades också om eventuell fertilitetsproblematik. Studien visade att en kombination av minst 50% rörliga spermier samt en koncentration på minst 20 milj./mL var de bästa gränsvärdena för att avgöra vem som skulle bli pappa under studietiden (13 år).
Vi studerade även en speciell form av mikroRNA (miR-155-5p) för att undersöka om den kunde användas som markör för fertilitet. MikroRNA är små molekyler som kan påverka funktionen hos gener – ungefär som ett slags strömbrytare som kan slå på eller av en gen. miR-155-5p visade sig inte vara associerat med deltagarnas fertilitet. Emellertid visade sig koncentrationen av miR-155-5p i blodet vara relativt stabil och resultaten banar vägen för studier av andra typer av mikroRNA som i framtiden skulle kunna ha ett diagnostiskt värde i fertilitetssammanhang. 
Projektet utfördes i Oslo, söder om polcirkeln, respektive i Tromsö, norr om polcirkeln, eftersom det från andra länder rapporterats att spermiekoncentrationen varierar under året, med lägst koncentration på sommaren och högst på vintern. Möjligen skulle variationen kunna betingas av ljusförhållandena. Tromsö har polarnatt, dvs. totalt mörker, vintertid, och midnattssol med sol dygnet runt på sommaren, således en idealisk plats för att studera ljusets inverkan på spermiekoncentrationen. Något dagsljusberoende kunde inte påvisas och hypotesen om att dagsljusets mängd spelar någon större roll för spermieantal och rörlighet är rimligen fel.
Studiedesignen gjorde det möjligt att studera om melatonin, ett hormon från tallkottkörteln vars koncentration är ljusberoende, är associerat med skador i spermiernas arvsmassa. Mängden av skador i spermiernas arvsmassa kan mätas och kallas DNA fragmenteringsindex (DFI). DNA-skadorna orsakas sannolikt av s.k. syreradikaler, fler syreradikaler ger ett högre DFI. Ett högt DFI gör spermierna odugliga. Melatonin tros kunna neutralisera syreradikaler och eftersom koncentrationen melatonin varierar över året (p.g.a. dess ljusberoende) var hypotesen att även DFI varierar över året. Någon årstidsvariation för DFI sågs emellertid inte. 
Förhoppningsvis kommer studierna att kunna ligga till grund för fortsatt forskning om och utveckling av prediktorer av manlig fertilitet och även en bättre förankring av området inom sjukvården – inte minst inom primärvården. Det finns ett samband mellan fertilitet och livsstilssjukdomar vilket ytterligare understryker vikten av att tidigt identifiera denna stora patientgrupp och möjliggöra ett bättre omhändertagande och förebyggande av en viktig och allvarlig sjukdom – ofrivillig barnlöshet.
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