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Abstract 

The HPG axis interacts with the Sertoli and Leydig cells to ensure the proper functioning 

of the male reproductive system. Environmental insults, which are becoming increasingly more 

common, affect the sensitive male reproductive system in harmful ways. Therefore, the aim of this 

thesis was to, analyze a network of the paternally imprinted infertility genes shared between the 

HPG axis and the Sertoli and Leydig cells. With this network in place, we aimed to develop a cell 

culture system that would allow the evaluation of the effects of certain environmental contaminants 

such as mycotoxins on Sertoli and Leydig cells. Results showed that 27 paternally imprinted genes 

were commonly expressed in Sertoli, Leydig cells, and the HPG axis, while 65 genes were present 

in both Sertoli and Leydig cells, only 1 in both Leydig cells and HPG and 1 common between 

Sertoli cells and HPG. Moreover, 42 genes were found to be expressed only in the Sertoli cell, 30 

only in the Leydig cell, and 5 only in the HPG axis. Then, several networks with each of these 

groups of genes was constructed, and a Venn diagram showing the commonalities and uniqueness 

of these genes was constructed. The cell culture system developed was composed of a mechanical 

digestion step where testicular tissue was minced followed by enzymatic digestion with 

collagenase or trypsin. Unfortunately, the Sertoli and Leydig cell culture system could not be 

maintained in culture, possibly because of such factors as stress associated with digestion 

conditions, inappropriate incubation temperature, and little information to base the culture protocol 

on. The bioinformatics analysis of the paternally imprinted infertility genes paves the way for new 

avenues in discussing infertility and the interplay between Sertoli, Leydig cells and the HPG axis. 
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I – Introduction 

The testes, working with the hypothalamo-pituitary-gonadal (HPG) axis and spermatogonial stem 

cells (SCCs), ensure proper spermatogenesis and thus male fertility. However, the male 

reproductive system is incredibly sensitive to minute changes, so environmental contaminants 

have long been known to cause, or hasten the cause of, male infertility. Due to this growing trend 

of male infertility, it is crucially important to study the factors affecting male infertility. An 

important environmental contaminant that has been gaining traction in the literature in recent years 

is the class of fungal products known as mycotoxins. Mycotoxins have shown deleterious effects 

on various body organs, but, most important for this research, they have been shown to negatively 

affect organisms’ reproductive capacities. However, this effect has been mostly shown in females, 

and there is a dearth of literature on mycotoxins’ effects on the male reproductive system. 

Furthermore, the relationship between the three important players in male reproduction –Sertoli 

and Leydig cells and the HPG axis – is not so well-understood nor well-studied. For that reason, 

we saw it fit to first construct a network that clearly shows the relationship between the paternally 

imprinted infertility genes of the Sertoli, Leydig, and HPT, and to second of all create a cell culture 

system that allows one to directly study the effects of mycotoxins on male reproductive cells such 

as Sertoli and Leydig cells. 

 

 

II - Literature Review 

1. Paternally imprinted genes and their involvement in infertility 

Genomic imprinting is defined as the differential expression of genes inherited either 

paternally or maternally(Ferguson-Smith and Bourc'his, 2018). The concept of genetic imprinting 

began with a classic exclusion study in 1984 by Solter and McGrath(Ferguson-Smith and 
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Bourc'his, 2018). They generated mouse embryos which contained two pairs of paternal or 

maternal chromosomes instead of the normal half paternal, half maternal inheritance(Barton et al., 

1984; McGrath and Solter, 1984; Surani et al., 1984).Both types of embryos failed to develop to 

term, indicating that chromosomes from both parents, despite their seeming genetic identicalness, 

are needed for normal development. Therefore, not only are heritable traits related to changes in 

nucleotide sequence important, but heritable changes related to chemical modifications of DNA 

or histones are also crucial aspects governing heredity(Felsenfeld, 2014). Nowadays, the study of 

heritable traits outside of simple changes in nucleotide sequence is dealt with by a field known as 

“epigenetics,” where epi means “above” or “on top of.” Of course, this field is still in its infancy 

and thus a lot of research still needs to be conducted. In epigenetics, genes are changed by covalent 

modifications of DNA (cytosine methylation and hydroxymethylation) (Lister et al., 2009)and 

histones (lysine acetylation, lysine and arginine methylation, serine and threonine 

phosphorylation, and lysine ubiquitination and SUMOylation)(Alaskhar Alhamwe et al., 2018). 

Imprinted genes themselves are very susceptible to environmental contaminants, with one study 

(Smeester et al., 2014)showing that dysregulation of imprinted genes by heavy metals may 

contribute to the progression of diseases initiated by these heavy metals. Furthermore, these effects 

could show transgenerational effects. Another study(Soubry et al., 2017)found that imprinted 

genes such as IGF2, among others, showed different and aberrant methylation patterns in men 

exposed to higher doses of environmental contaminants. Paternally imprinted genes are those 

genes whose parental copy has been silenced and only the maternal copy is expressed(Graves, 

1998). Multiple human diseases are known to be caused by either paternally or maternally 

imprinted genes or both (Butler, 2009), so studying these imprinted genes is an important step to 

identify the effects of environmental contaminants on the genome. Paternally imprinted genes 
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themselves have been found to be connected with infertility, with one study showing 

oligozoospermia being associated with abnormal methylation patterns(Marques et al., 2008). A 

case study also found that differentially methylated regions of H19, GNAS, and DIRAS3 were 

associated with idiopathic male infertility (Tang et al., 2018). It is even suggested that a better 

paternal lifestyle can lead to improved embryo development and fertility(Stuppia et al., 2015).As 

for mycotoxins and imprinted genes, male mice treated with low and high concentrations of 

zearalenone (ZEA)showed different expressions levels of genes involved in methylation such 

as Ccnd1, Kdm4a, and Spata2 (Zatecka et al., 2014). Similar effects were seen in human subjects 

exposed to Bisphenol A (BPA) where sperm DNA hydroxymethylation was seen in several known 

sperm-associated genes which are involved in embryonic stem cell differentiation, growth, and 

early development (Zheng et al., 2017) 

2. Bioinformatics tools for pathway and gene relational analysis 

In bioinformatics, the interdisciplinary field that helps understand big biological data, 

network analysis involves the representation of biological data using interconnected nodes which 

help visualize said data (Cirillo et al., 2017). In this field, a more holistic view can be developed 

that helps to better understand the relationship between different molecular pathways. Network 

analysis can be used in the evaluation of the pathways linking individual parentally imprinted 

genes so that general trends can be seen in these pathways’ shared commonalities. To be able to 

construct a proper network, first an accurate data set needs to be provided. To acquire a data set 

of genes, one can consult many gene databases such as GeneCards, KEGG Genes, Genbank, and 

others. From a list of genes, pathways can be constructed by making use of pathway construction 

tools, but first, to acquire the list of pathways, one must access such databases as “KEGG 

pathways” and “Wikipathways,” which link genes to pathways. The Database for Annotation, 
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Visualization and Integrated Discovery (DAVID) also allows one to insert a list of genes and get 

a list of the pathways the genes are involved in (this information is acquired from KEGG 

pathways) (david.ncifcrf.gov).  

Many tools for network construction pathways from gene data are available online and 

have been reported in the literature. These tools include Gephi(Bastian et al., 2009), Pajek(Batagelj 

and Mrvar, 1997. updated 1999), Cytoscape(Shannon et al., 2003), and CellNetVis (Heberle et al., 

2017). Cytoscape can import data from KEGG and help construct networks which aid in 

visualizing complex biological data. Cytoscape is a very popular tool for network visualization; it 

has, for example, been used to model tumor growth, where Cytoscape was used in modeling cell-

to-cell interactions (Jeanquartier et al., 2016). Another study found it important to use Cytoscape 

to visualize microRNA data and their association with lipid diseases (Kandhro et al., 2017). In a 

study which aimed to show resources that can map a signaling pathway, Cytoscape was used to 

model protein-protein interaction, showing its ease of use and versatility (Liu et al., 2014a). Owing 

to its vast popularity, many plugins, such as ESP (Ashkenazi et al., 2008), BioQuali (Guziolowski 

et al., 2009), and GeneMANIA (Montojo et al., 2010) have been created – these plug-ins introduce 

algorithms which help in the specific applications these tools find themselves useful in. 

To better visualize other types of biological data, Venn diagrams can be constructed to 

show the shared commonalities and differences between various types of biological data. Tools 

that allow said visualization to take place include DiVenn (Sun et al., 2019), GeneVenn Pirooznia 

et al., 2007(Pirooznia et al., 2007), BioVenn (Hulsen et al., 2008), and InteractiVenn (Heberle et 

al., 2015). DiVenn is the newest Venn diagram tool and has been created to fix the limitations of 

GeneVenn and InteractiVenn (Sun et al., 2019), namely allowing gene expression levels to be 

displayed in the graph, as well as not linking gene IDs to gene functions. Sun et al. (Sun et al., 
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2019) highlight the impressive visualization capacities of DiVenn, which showed up- and 

downregulated genes in Arabidopsis upon bacterial inoculation (figure 1). 

3. Testicular Anatomy 

The testicles are the reproductive glands in males which produce both sperm and 

androgens. Covered by a white-colored capsule, known as the tunica albuginea, the testis house 

the seminiferous tubules, the site of meiosis(Kuhn et al., 2016). The seminiferous tubules contain 

various cell types, including the myoid cells, which produce peristaltic contractions that move 

developing spermatozoa, Sertoli or nurse cells that support developing spermatozoa, and 

spermatogonial stem cells, stem cells which eventually mature to sperm cells (Tripathi et al., 

2015). The space between the seminiferous tubules is occupied by the Leydig or interstitial cells 

which lie in the interstitial space, produce testosterone (Tripathi et al., 2015; Zirkin and 

Papadopoulos, 2018), and regulate Sertoli cell function. At the infolding of the tunica albuginea, 

the rete testis, a network of tubules that connect the seminiferous tubules to the epididymis through 

efferent ducts, is found(Kuhn et al., 2016). The epididymis itself is the storage and maturation 

center for sperm cells and is linked to a muscular tube known as the ductus deferens, which mainly 

assists in the transportation of motile sperm to the urethra (Schoysman and Bedford, 1986; Pinheiro 

et al., 2003). 

 

4. Steroidogenesis and the control of spermatogenesis by the Hypothalamo-Pituitary-

Gonadal axis 

4.1. The steroidogenic pathwayin testes 

Steroidogenesis is a complex, multi-enzymatic process through which cholesterol gets 

converted to biologically active steroid hormones(Miller and Auchus, 2011)such as testosterone, 
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estradiol, and progesterone, which have far-ranging biological effects. Steroidogenic cells, 

including luteal and thecal cells in females and Sertoli and Leydig cells in males, express the 

cholesterol side-chain cleavage enzyme, P450scc, which is the enzymes that catalyzes the first step 

in steroidogenesis. This first step involves the conversion of cholesterol to pregnenolone, as 

mediated by P450scc,with “scc” referring to side chain cleavage of cholesterol, a slow-acting, rate-

limiting enzyme of the steroidogenesis pathway (Kuwada et al., 1991; Tuckey and Cameron, 

1993). After pregnenolone is produced, 3βHSD may convert pregnenolone to progesterone, or 

P450c17 could convert pregnenolone to 17α-hydroxypregnenolone (Thomas et al., 1989; 

Lachance et al., 1990; Lorence et al., 1990). 3βHSD is also involved in the conversion of 17α-

hydroxypregnenolone to 17α-hydroxyprogesterone (17OHP), DHEA to androstenedione, and 

androstenediol to testosterone (Lee et al., 1999). Following progesterone’s conversion to 11-

deoxycorticosterone by P450c21, aldosterone is produced by the action of P450c11AS. Other 

conversions include the conversion of testosterone to dihydrotestosterone by 5α-reductases and 

testosterone to estrogens by P450aro (aromatase) (Moore and Wilson, 1976; Simpson et al., 1994).  

4.2. Hypothalamic-Pituitary-Gonadal Axis and steroidogenesis 

 Because the hypothalamus, pituitary, and gonadal structures act in concert through 

feedback loops, the designation “HPG” axis was created. Gonadotropin-releasing hormone 

(GnRH), a hormone periodically released by the hypothalamus, stimulates the pituitary to release 

luteinizing hormone (LH) and follicular-stimulating hormone (FSH) (Plant, 2015; Oyola and 

Handa, 2017)in a pulsatile fashion(Wilson et al., 1984).GnRH works in a pulsatile fashion because 

if it were to be delivered constantly, its effects would not be observed(Tsutsumi and Webster, 

2009). According to the two-cell two-gonadotropin theory, testosterone release is controlled by 

LH while sperm production is controlled by FSH (Ramaswamy and Weinbauer, 2014); in turn, LH 
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receptors are present on Leydig cells, whereas FSH receptors are predominately found on Sertoli 

cells(Ramaswamy and Weinbauer, 2014). As the concentration of testosterone increases, GnRH 

production is decreased and thus a negative feedback loop is formed, where the products drive the 

production of the stimulants downward (Damassa et al., 1976; Tilbrook and Clarke, 1995) 

Leydig cells produce testosterone, the key male sex hormone responsible for 

spermatogenesis, whereasin the Sertoli cell, testosterone may directly change gene expression 

patterns or activate kinases which regulate processes necessary for spermatogenesis (Walker, 

2011). Microarray data found a wide variety of testosterone-regulated genes, but only a small part 

of those genes were Sertoli cell-specific (Verhoeven et al., 2010). In fact, the direct molecular 

mechanisms linking testosterone to spermatogenesis in the Sertoli cells is in not well 

studied(Walker, 2011). One method by which testosterone may activate spermatogenesis is by 

rapidly increasing the influx of Ca2+ into Sertoli cells (Gorczynska and Handelsman, 1995). 

Furthermore, testosterone activates Src tyrosine kinase, which phosphorylates the EGF receptor 

(EGFR), thus activating the MAP kinase cascade (Cheng et al., 2007). 

4.3. Hypothalamic-Pituitary-Thyroid Axis and steroidogenesis 

Another axis with potential to affect steroidogenesis is the hypothalamic-pituitary-thyroid axis. 

Just like the HPG axis, the HPT axis works through feedback loops. Thyrotropin-releasing 

hormone (TRH), produced by the hypothalamus, stimulates the pituitary to release thyroid-

stimulating hormone (TSH) (Duntas, 2016). In turn, TSH stimulates the release of thyroxine (T4) 

and, to a lesser extent, triiodothyronine (T3) (Duntas, 2016). Unfortunately, the role thyroid 

hormones play in the male reproductive system is not so well-studied (Maran, 2003).Thyroid 

hormones, being hormones with far-ranging biologic effects and affecting metabolism, have 

various impacts on the reproductive system. T3 is involved in the proliferation, differentiation, and 
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function of testicular cells (Maran, 2003), as well as inhibiting Sertoli cell aromatase activity 

(Maran, 2003). A causal mechanism linking the HPT axis to steroidogenesis is that of thyroid 

hormones’ direct effects on Sertoli cells, which in turn are involved in the regulation of some 

functions of Leydig cells (Mendis-Handagama and Siril Ariyaratne, 2005). Indeed, apart from 

FSH, thyroid hormone has been seen to be the most important regulator of Sertoli cell 

function(Jannini et al., 1995). Since Sertoli cells greatly affect many Leydig cell functions, 

including testosterone production, response to LH, and overall steroidogenic activity(Mendis-

Handagama and Siril Ariyaratne, 2005), it stands to reason that thyroid hormones would, by proxy, 

have effects on Leydig cells. These studies are lacking, however, and the link between the HPT 

axis and steroidogenesis remains a rather unexplored one. 

5. Mycotoxins 

 

5.1. Prevalence and spread of mycotoxins in food and feed 

Mycotoxins are a heterogenous group of low molecular weight fungal products with the ability to 

cause disease in humans and other vertebrates (Bennett and Klich, 2003; Doi and Uetsuka, 2011; 

Brewer et al., 2013; Hope, 2013). Mycotoxins are ubiquitous and unavoidable harmful 

agents(Schatzmayr and Streit, 2013) found in almost all foods, including cereals(Bryla et al., 

2016), meat(Marin et al., 2013), dairy products(Gallo et al., 2015), fruits(Drusch and Ragab, 

2003), burghul (Assaf et al., 2004), and wine (El Khoury et al., 2008). Owing to the vast differences 

in their structure and biochemical effects, some mycotoxins are more prevalent in certain countries 

and continents and across different food sources than others. In fact, African countries tend to have 

high levels of mycotoxin contamination (Darwish et al., 2014; Nleya et al., 2018) due to high 

temperatures, elevated moisture levels, and lack of proper hygienic methods (Darwish et al., 2014). 

In fact, 96% of Tunisian and 50% of Moroccan cereals (rice, wheat, maize, rye, barley, oat, spelt, 
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and sorghum) and cereal products (snacks, pasta, soup, biscuits, and flour) were contaminated with 

mycotoxins (Serrano et al., 2012). Nivalenol and beauvericin were the most common mycotoxin 

contaminants of these products. In contrast, 6% of Asia’s and 10% of Americas’ finished feeds 

tested below the limit for all mycotoxins assessed, whereas 24% of European finished feeds tested 

negative (Rodrigues and Naehrer, 2012). Two wheat samples from Australia had very high DON 

concentrations (Rodrigues and Naehrer, 2012). As for Lebanon, food samples are frequently 

contaminated with mycotoxins. 23.7% and 35.2% of wheat samples were found to be contaminated 

with OTA and AFB1, respectively (Joubrane et al., 2011), whereas in a Lebanese urban population, 

the average dietary exposure levels to OTA and DON far exceeded the toxicological reference 

values (TRVs) for these mycotoxins (Raad et al., 2014). 

With these statistics in mind, it is necessary that more research on mycotoxins be conducted, 

especially in Lebanon, where research on mycotoxins is scarce. By better understanding 

mycotoxins and the diseases they cause, we will be better equipped to fight these diseases and the 

biological devastation they induce. 

5.2. Effect of Mycotoxins on Health and Reproduction and the challenges involved in the 

study of reproductive male cell response 

As previously mentioned, all mycotoxins share one important trait: negative health effects on 

living organisms, mainly humans and other vertebrates. Mycotoxins’ adverse health effects are 

far-ranging: some, such as aflatoxins, fumonisins, and trichothecenes, are proven carcinogens and 

immunosuppressants; others lead to altered growth and possibly neural tube defects(Wild and 

Gong, 2010). In addition to these effects, mycotoxins are associated with reduced fertility levels 

(de Rodríguez Sáenz, 1984). The most studied and well-characterized mycotoxin associated with 

reduced fertility is zearalenone since it was detected in the blood of children with precocious sexual 
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development and greatly impacted the reproductive health of farm animals (de Rodríguez Sáenz, 

1984; Minervini and Dell’Aquila, 2008). Unfortunately, the effects of other mycotoxins on fertility 

is less well-studied. A 2018 search for “zearalenone AND reproduction” returned 233 hits on 

PubMed, while “deoxynivalenol (DON) AND reproduction” returned 105 hits and “beauvericin 

AND reproduction” returned just four hits. Note that these results include both male and female 

reproductive systems; mycotoxins’ effects on the male reproductive system are very much 

understudied. Thus, we set out to research the effects of these mycotoxins on the male reproductive 

system, especially the steroidogenic Leydig and nourishing Sertoli cells. We aimed to tie the 

effects of mycotoxins to disruptions in P450scc, 3βHSDs, 5α-reductases, and P450aro. 

Talking of one mycotoxin specifically, deoxynivalenol (DON), often found to co-exist with 

ZEA (Zinedine et al., 2007), showed negative effects on both male and female reproductive health. 

In comparison to the research literature linking DON to reduced fertility rates and impaired 

reproductive health in females, DON’s effects on the male reproductive system is sparse. In males, 

Eze et al (Eze et al., 2018)tested seven mycotoxins, including aflatoxin B1, ochratoxin A, 

deoxynivalenol, alpha-zearalenol, beta-zearalenol, 1,1,1-trichloro-2,2-bis(p-chlorophenyl) ethane 

(p,p′-DDT), and 1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene (p,p′-DDE). In his study, DON was 

the most cytotoxic mycotoxin, of the six other mycotoxins tested, to the MA-10 murine Leydig 

cell line. In females, DON inhibited estradiol and progesterone secretion in bovine granulosa cells 

and also increased cell apoptosis (Guerrero-Netro et al., 2015); it also reduced porcine oocytes’ 

maturation capacities by inducing autophagy, apoptosis, and epigenetic modifications (Han et al., 

2016).In addition, DON, at a concentration of 10 ppm, reduced epididymal and seminal vesicle 

weights, prostate weights, spermatid numbers, and serum testosterone concentrations, alongside 

increased sperm tail abnormalities and abnormal nuclear morphology in male rats (Sprando et al., 
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2005). Moreover, Sprando et al.(Sprando et al., 1999) showed that in mice, DON exerted an 

adverse effect on the epididymis in the 2.5 mg/kg and the 5.0 mg/kg groups, while spermatid 

number was affected in a dose-dependent manner in the 5.0 mg/kg group (Sprando et al., 1999). 

Apart from this research, no other results relevant to the male reproductive system were found 

after having searched PubMed and Google Scholar with the keywords “deoxynivalenol Leydig,” 

“deoxynivalenol Sertoli,” “deoxynivalenol sperm,” and “deoxynivalenol steroidogenesis.” 

In short, alpha- and beta-zearalenone have been found to induce a dose-dependent reduction of 

P450scc and 3βHSD transcripts in cultured granulosa cells from porcine ovaries (Tiemann et al., 

2003) and reduce aromatase and P450scc mRNA abundance in porcine granulosa cells (Ranzenigo 

et al., 2008). Similarly, the few studies conducted showed adverse reproductive health of DON 

and beauvericin.Schoevers et al. (Schoevers et al., 2016) showed that in vitro cultured porcine 

oocytes and embryos experienced damaged development after exposure to beauvericin at 

concentrations between 0.5-180 ng/mL, equivalent to those measured in plasma after consumption 

of beauvericin-contaminated food. Furthermore, beauvericin inhibited estradiol and progesterone 

synthesis in bovine granulosa cells (Albonico et al., 2017) and showed antagonism toward 

progesterone cell lines, where it decreased the binding of progesterone to its receptor (Fernandez-

Blanco et al., 2016). In addition, beauvericin exerted potent cytotoxic effects on lung cell 

surrogates (Behm et al., 2012) and ovarian hamster cells (Mallebrera et al., 2015). Therefore, 

because of these few studies on beauvericin in relation to the female reproductive system, we 

anticipate that beauvericin would show the same effects on male reproductive cells. 

Owing to this dearth of studies on deoxynivalenol and beauvericin, we sought to study 

these two mycotoxins. Unfortunately, cell culture techniques that grew Leydig and Sertoli cells 

focused on mice and rats, and even then, there were not many studies on these animals. There was 
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a general lack of studies concerning a cell culture system that grew sheep Leydig and Sertoli cells, 

so the first step was to create this cell culture system before we could study the effect of mycotoxins 

on these cells. 

5.3. Detection and Quantification Methods of Mycotoxins 

Since mycotoxins have been known as harmful substances for many years, the methods to 

detect these compounds are numerous, so describing all these methods would take multiple papers. 

Thus, this review will focus on the most important detection methods, especially those that are 

newer, more sensitive, and more rapid than others, including chromatographic methods, such as 

high-performance liquid chromatography (HPLC), and ELISA. 

Chromatographic methods have a long history in mycotoxin detection, and, despite their 

datedness, they are as relevant today as they once were (Maragos and Busman, 2010). Currently, 

there is an increasing number of HPLC methods able to detect multiple mycotoxins in a single run. 

The sample may be separated based on size, bioaffinity, or presence of ions. After the sample is 

separated, it passes through a detector which relays the results to a computer, converting the results 

into what is known as a chromatogram. Spanjer et al. (Spanjer et al., 2008) proposed using 

methanol as stock solution and preparing mycotoxins in varying mixtures of toluene, acetic acid, 

acetonitrile, or 3Ac-DON. Then a stock-standard mixture is used to determine ion suppression, 

recovery, and limit of detection (LOD) for each mycotoxin. Furthermore, to analyze the 

concentrations of beauvericin in wheat samples, Logrieco et al. (Logrieco et al., 2002) 

homogenized 10 g of sample with 50 mL HPLC grade methanol, resuspended in 3 mL of methanol, 

prepurified once on a C18column (500 mg, 3 mL, 40 mg), concentrated to 1 mL, then filtered 

through an Acrodisk filter (0.22 μm pore size). HPLC analysis was performed using LC-10AD 
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pumps and a diode array detector. The flow was constant at 1.5 mL/min and acetonitrile-water 

(65:35, vol/vol) was the starting eluent system. Beauvericin was detected at 205 nm.  

Enzyme-linked immunosorbent assay (ELISA), a long-standing technique used to detect 

mycotoxins (Maragos and Busman, 2010), uses a liquid sample wherein the substance, usually an 

antigen, is contained. Monoclonal antibodies for specific mycotoxins are available (Kolosova et 

al., 2007; Molinelli et al., 2008) and were used in immunochromatographic test strips based on a 

lateral flow device (LFD) to detect mycotoxins. The reagents in this technique flow lengthwise to 

the membrane as opposed to perpendicularly. The liquid moves by capillary action through this 

device. The toxin interacts with the primary antibody as the sample moves through the conjugate 

pad. There are two capture reagent lines in this technique, with the first usually being a solid-phase 

toxin-protein antigen (e.g.: DON-protein). If there is little toxin in the first line, then the label will 

bind maximally. The labels in LFD are of several types, but, most often, gold colloid is used to 

avoid the need for substrate addition. Altogether, these techniques have seen longstanding use in 

mycotoxin research; however, no one technique is superior to others as each technique has its place 

due to the varying chemical structures of mycotoxins (Turner et al., 2009). 

6. Cell Culture Techniques 

Isolating Sertoli cells is generally a time-consuming and very delicate process that also 

necessitates the availability of fresh tissue (Mather and Roberts, 1998). From a survey of the 

relevant literature, three types of isolation techniques were noted: the traditional enzymatic 

methods, sorting by flow cytometry, and DSA-lectin separation; the focus will be on the traditional 

enzymatic methods because it is the most common and easiest to perform, but the other two 

methods will be mentioned briefly. Sertoli cell cultures from various species, such as mouse 

(Chang et al., 2011), rat (Chapin et al., 1991; Anway et al., 2003; Shi et al., 2009), dog(Davidson 
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et al., 2007), goat (Su et al., 2014), sheep (Deng et al., 2018)and human (Lakpour et al., 2017) 

have been performed. The first step toward the successful isolation of Sertoli cells starts with 

mechanical digestion, making testicular tissue smaller and easier to digest enzymatically. In 

general, the procedures for mechanical digestion were similar. Briefly, the capsule and epididymis 

were removed, and the seminiferous tubules were minced into smaller pieces. The minced pieces 

were then digested using different enzymatic blends mainly consisting of collagenase, trypsin, or 

both for a varying number of steps and time depending on the species as summarized in table1. 

Digestion temperature was also varied and optimized to be at species-specific body temperature, 

though culture temperature was usually lowered to simulate testicular optimal temperature at 34 

C in sheep (Deng et al., 2018).  Cheng et al. (Cheng et al., 1986) incubated rat Sertoli cells for 15 

minutes in media containing 0.003% soybean trypsin inhibitor, which was added to prevent tryptic 

degradation of cell surface proteins; a treatment of collagenase and dispase was applied for another 

15 minutes and for a second time for 30 minutes.  Bernardino et al. (Bernardino et al., 

2018)recommended HBSS in their protocol for the establishment of a primary culture of Sertoli 

cells in murine and bovine species, and added 20 mL DNase solution with incubation for 10 

minutes at room temperature. Then, collagenase followed by pancreatin were added to further aid 

the digestion process. 

Another method of isolating Sertoli cells is the DSA-lectin separation technique. This 

method also begins with a mechanical digestion step and is followed by enzymatic digestion, but 

lectin-coated dishes were used to plate these cells (Scarpino et al., 1998). Non-adherent cells were 

washed away with medium, and the remaining Sertoli cells, which were almost completely devoid 

of any contaminants such as germ cells and interstitial cells, were cultured. Despite its many 

advantages, this method does not yield a high number of cells (Scarpino et al., 1998). The third 



15 

 

method noted is sorting by flow cytometry, which uses flow cytometry to purify Sertoli cells from 

other possible contaminants. In one such study to use flow cytometry, Lakpour et al. (Lakpour et 

al., 2017) used DMEM with an enzymatic mixture of 1 mg/ml collagenase, trypsin, hyaluronidase, 

and DNase on human Sertoli cells. Pipetting to break the minced tissue further was performed 

during the digestion process, followed by centrifugation and multiple washing steps. All in all, the 

digestion took about 49 minutes, after which the cells were plated using coated plates. To isolate 

the cells, Lakpour et al. (Lakpour et al., 2017)chose to detect the FSH receptor on Sertoli cells 

using anti FSH receptors (Rabbit polyclonal antibody to FSH receptor (Abcam, USA)). The cells 

were then incubated, rinsed with PBS and FBS, incubated at a temperature of 4°C for 45 minutes, 

washed again with PBS and FBS, then finally centrifuged at 1500 RPM for 5 minutes at 4°C. The 

pellet was maintained in 1 ml of a solution of PBS, EDTA, HEPES buffer, and 1% FBS, and the 

Sertoli cells were sorted on the basis of rFSH expression by a FACS cell sorter. Despite its high 

precision, this method again suffers from low yields and is not so feasible to perform. 

Leydig cells isolation protocols are very diverse as summarized in table 2.All protocols 

listed used collagenase(Klinefelter et al., 1987; Biegel et al., 1993; Steinberger and Klinefelter, 

1993; Yang et al., 2007; Liu et al., 2012; Adedara et al., 2014; Liu et al., 2014b; Yang et al., 2014; 

Deng et al., 2018)for the digestion step in DMEM-F12 at 34 C for 15 minutes in rat (Liu et al., 

2012) and at 37 C in sheep(Deng et al., 2018). A discontinuous Percoll gradient is then applied 

to separate the Leydig cells that appear in the 34% - 60% band (Deng et al., 2018), 25% - 30% 

band (Liu et al., 2014b), 50% band (Liu et al., 2012), or 58% band (Yang et al., 2007; Yang et al., 

2014). The cells were then washed in PBS or saline and pelleted via centrifugation, suspended in 

DMEM and counted using the trypan blue exclusion method on a hematocytometer (Yang et al., 

2007; Liu et al., 2012; Liu et al., 2014b; Yang et al., 2014). 
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III - Materials and Methods 

Analysis of paternally imprinted epigenetic genes 

1. Selection of paternally imprinted genes associated with infertility 

To determine the paternally imprinted genes associated with infertility in the Sertoli and 

Leydig cells and from the HPG axis, the GeneCards (https://www.genecards.org/) database was 

consulted with the following keywords “paternally imprinted infertility Sertoli,” “paternally 

imprinted infertility Leydig,” and “paternally imprinted infertility HPG.” In addition, the 

GeneCards database was consulted with “paternally imprinted infertility HPT” for comparative 

purposes with the HPG axis. To assess the commonalities of the genes in terms of the pathways 

shared, each gene was checked to see whether or not it has been found to be a paternally imprinted 

infertility gene in Sertoli or Leydig cells or the HPG axis. 

 

2. Matrix construction and analysis 

For each cell type, a list of fertility related genes from GeneCards was inserted into the 

DAVID online database to return various pieces of information about the gene, such as genomic 

location and the pathways the gene is involved in (KEGG pathway). Pathways were analyzed 

based on frequency of genes involved, and genes were labeled as related. Furthermore, a matrix 

was developed for the most frequently occurring genes and their involvement in the various 

pathways. To further focus the research specifically on infertility-related pathways, pathways 

related to cancer or other non-fertility related domains were excluded. An original version of the 

matrix was constructed in a Y/N manner, showing whether or not the gene was present in X 

pathway. Moreover, in order to include cell types, a matrix with numbers corresponding to each 

cell type and axis was developed with 1 for Sertoli, 2 for Leydig, and 3 for HPG. A matrix with 
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the same number system that included Sertoli, Leydig, and HPT instead of HPG was created so 

that comparisons with the HPG axis could be made. The genes related to the two-cell steroidogenic 

theory were developed with a list of pathways arranged by total number of genes contained; the 

Sertoli and Leydig cells only will also be shown. Finally, a table showing the gene frequency in a 

list of 119 pathways (all related to infertility) was constructed. 

 

3. Pathway analysis of paternally imprinted genes 

With the necessary information gleaned, a Venn diagram of the various genes between 

Sertoli, Leydig, and HPG could be constructed. This Venn diagram would help show the common 

and different genes among these cell types and HPG axis and thus offer a visual representation of 

the possible related pathways shared. A Venn diagram that contained the genes found between the 

Sertoli, Leydig, and HPT axis was also constructed. To draw the Venn diagrams, the OmicsNet 

tool was used. 

To draw the networks, a web version of the GeneMania plug-in (genemania.org) for 

Cytoscape was used. By inputting a list of all genes found in the Sertoli, Leydig, and HPG axis, 

we were able to construct a network for all the genes. To find the individual network of each gene, 

simply hovering over the gene in GeneMania allows one to see the network of the individual gene. 

 

Development of a cell culture system for the analysis of Sertoli and Leydig cells 

1. Institutional review board approval 

All experimental procedures were approved by the NDU institutional review board on Feb 

6, 2019, and were conducted accordingly. 
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2. Reagents and consumables 

All consumables, 1.5 mL Eppendorf tubes and 15- and 50-mL conical tubes (Sigma), were 

purchased from Labise (Lebanon). Fetal bovine serum (F9665), collagenase (C0130), Tri Reagent 

(T9424), Quantitative RT-PCR Ready Mix (QR0200), and Percoll (P4937) were all purchased 

from Sigma-Aldrich. Tissue culture test plates (TPP92124) were purchased from Techno Plastic 

Products (TPP). Gentamicin sulfate (L0011-100) and penicillin-streptomycin (L0022-100) were 

purchased from Biowest. 

 

3. Development of a Leydig cell culture system 

The adopted protocol for Leydig cell isolation was based on the above review of the 

literature where five different runs were carried out to establish such a cell culture system as 

summarized in table 1. The runs were implemented with sheep (Age? Species?) testicles collected 

at a local slaughterhouse. All runs used mechanical digestion followed by enzymatic digestion 

with trypsin (five runs) for a total digestion time of 10 minutes. This digestion was followed by 

Percoll density separation at 5% Percoll. Leydig cells in the top 5 ml were then washed in 

physiologic 10* saline and centrifuged at 500xg for 10 min at 4 °C. Leydig cells were then counted 

using the trypan blue exclusion method on a hematocytometer and plated in a 50:50 DMEM:F12 

mix with penicillin / streptomycin (1%) and gentamycin (5%) with 10% fetal bovine serum. 

Incubation temperature was at 37 °C for all runs. Cell morphology and confluency were followed 

daily until the termination of the experiment. 
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4. Isolation of Sertoli cells 

The adopted protocol for Sertoli cell isolation was based on the above review of the 

literature where eight different runs were carried out to establish such a cell culture system as 

summarized in table 1. The runs were implemented with Awassi sheep testicles collected at a local 

slaughterhouse. Testes were washed with ice cold ethanol followed by penicillin saline; the tunica 

albuginea was removed and a piece of seminiferous tubules was excised. This piece underwent 

mechanically digestion by cutting into smaller pieces prior to its enzymatic digestion with trypsin 

and collagenase (runs 1, 2, and 3) or collagenase only (runs 4 till 8) for variable digestion lengths 

of25 minutes in runs 1 to 3, and 45 minutes for runs 4 to 8. No Percoll density separation was 

performed. The supernatant was then filtered through a 70-µm nylon cell strainer. The filtrate was 

then centrifuged at 3500 g for 20 minutes at 4 °C. The pellet was then rinsed three times in culture 

medium by centrifugation at 2500 g for 7 minutes at 4 °C. The incubation temperature was at 37 

°C for runs 1-3; however, since the cells were not growing optimally, this was changed to 34 °C 

based on the study by Deng et al. (Deng et al., 2018) in all subsequent runs. Cell morphology and 

confluency were followed daily until analysis. 

 

5. Cell counting 

Isolated cells were diluted in PBS and counting performed with 100µl on a 

hematocytometer using the trypan blue exclusion method. In this method, the dye is taken up by 

dead cells while living cells exclude the dye. If the cells in the visual field were too concentrated 

to count, further 1:10 sequential dilutions were performed until possible number of cells were 

available. Sertoli cells were then counted using the trypan blue exclusion method on a 

0hematocytometer and plated in a 50:50 DMEM:F12 mix with penicillin / streptomycin (1%) and 

gentamycin (5%) with 10% fetal bovine serum. 
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IV- Results and Discussion 

 

Analysis of paternally imprinted epigenetic genes 

All paternally imprinted genes extracted from the databases were classified according to their 

cellular localization and analyzed for common expression in cells involved in controlling male 

spermatogenesis including Sertoli and Leydig cells and the HPG axis. As shown in figure 2, 27 

paternally imprinted genes were commonly expressed in Sertoli, Leydig cells, and the HPG axis, 

while 65 genes were present in both Sertoli and Leydig cells, only 1 in both Leydig cells and HPG 

and 1 common between Sertoli cells and HPG. As can be seen from figure 2, a comparison between 

the HPT axis and the HPG axis shows that they share many genes in common between themselves 

and Leydig and Sertoli cells. This result is not very surprising considering their connection with 

the hypothalamus and the pituitary, but what can be said about the connection between the 

reproductive system and the thyroid? As elaborated on in the literature review, thyroid hormones 

have far-ranging biological consequences and have been shown to affect Sertoli cells in various 

ways (see literature review). The genes found to be common between Sertoli, Leydig, and HPT as 

well as Sertoli, Leydig, and HPG also highlight the link between infertility and cell growth (figure 

3). Again, growth factor genes such as IGF1 and GH1 made an appearance, with the AR (androgen 

receptor) gene also being found in the HPT, highlighting the important role the thyroid plays in 

infertility. 

 

Furthermore, 42 genes were found to be expressed only in the Sertoli cell, 30 only in the Leydig 

cell, and 5 only in the HPG axis (figure 2). The unique genes in Sertoli cells included such genes 
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as HRAS, PTEN, CASP8, CDK2, BDNF, and CFLAR. HRAS, CDK2, and PTEN are involved in 

cell growth, while CASP8 and CFLAR are involved in the caspase system. Potentially, this data 

shows that pathways involved in cell growth are also involved in Sertoli cell-linked infertility; 

indeed, Sertoli cells may be sending signals to spermatogonial stem cells to grow, but certain 

aberrations may be taking place that prevent the correct realization of this signal. In contrast, genes 

such as YY1, DNASE1, RETN, and BGLAP have been shown to be unique among Leydig cells. 

RETN has been shown to increase LDL cholesterol levels and to be correlated with an increase in 

insulin resistance (Hastuti et al., 2019); this again ties in to the insulin-IGF1 link shown in this 

exploration, a link we discuss further in the coming paragraphs of this section. DNASE1, which 

prevents clot formation, does not seem to be any way related and BGLAP, which regulates bone 

remodeling and energy metabolism, could be related to IGF-1, which itself participates in bone 

remodeling. YY1 (yin-yang 1) is involved in promoting and enhancing a vast number of genes. 

Genes unique to the HPG axis, such as MKRN3, have been shown to regulate the onset of puberty, 

while other genes, such as EGFR, have been shown to, when overexpressed, cause tumors and 

thus may be related to the growth signals produced in the HPG axis to stimulate SSCs. 

The genes common to the Sertoli, Leydig, and HPG axis were then arranged by the pathways they 

shared, and 25 different pathways were found, of which HRAS appeared in the most pathways (16 

pathways) (figure 4). Of note, the PI3K-Akt signaling pathway contained the most (12) number of 

genes, and the MAPK signaling pathway with 7 genes, and the FoxO signaling pathway with 6, 

were the second and third pathways with the most genes, respectively. At the bottom of the list, 

the steroid hormone biosynthesis, lysosome, GnRH signaling, endocrine and other factor-regulated 

calcium reabsorption, and the prolactin signaling pathways contained 1 gene each.  
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In terms of the specific cells involved, IGF1R occurred frequently in the most number of pathways 

in a matrix that contained only those genes found in Sertoli, Leydig, and HPG. The significance 

of this result is that IGF1R is involved in the IGF1 pathway, which has anabolic effects in adults. 

As mentioned above, some unique genes have been shown to be involved in cancers, so it is no 

surprise that IGF1, which is also involved in cancer pathways, has been shown to occur in the most 

number of pathways.  

As for the list of pathways found only in Sertoli and Leydig cells, metabolic pathways and ovarian 

steroidogenesis pathways showed the most number of genes (8 and 6), while nucleotide excision 

repair and the MAPK signaling pathway had 1 gene each. Finally, HRAS was seen 30 times in a 

list of 119 pathways, GNAS 25, INS and TNF 19, while many genes, such as BAK1 and BECN1, 

were only seen in one pathway. HRAS is part of the Ras family of oncogenes, one of the primary 

pathways involved in cancer and thus cell growth. HRAS has also been shown to be involved in 

cell division and apoptosis (https://ghr.nlm.nih.gov/gene/HRAS). 

A Venn diagram (figure 5) was constructed to show the commonalities between the 5 pathways 

with the highest number of genes (metabolic pathways, ovarian steroidogenesis, AMPK signaling 

pathway, steroid hormone biosynthesis, and FoxO signaling pathway). Another Venn diagram 

(figure 6) showcased the interrelationships between the pathways shared between four members 

of the IGF pathway - namely, IGF1, IGF1R, INS, and INSR. Seven pathways were found to be 

common to all 4 genes, while 2 pathways were common to IGF1 and IGF1R, 1 common to INS 

and INSR, and 2 pathways unique to INS (figure 6). Of the seven pathways shared in common, 

again the FoxO signaling pathway and the ovarian steroidogenesis pathway were present, with 

pathways related to cell growth, such as Rap1 and Ras, as well as PI3K-Akt, AMPK, and HIF-1 
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(promotes survival in hypoxic conditions), were also part of these 7 pathways (figure 7). This result 

further tightens the relationship between cellular growth pathways and infertility. 

Networks of all shared genes between Sertoli, Leydig, and HPG clearly showed the dominance of 

cellular growth pathways such as GHRL and INS and their relationship with fertility pathways 

such as LEP, ESR1, and CYP17A1 (figure 8). The appendix shows the web links of these networks 

so that they can be reconstructed. The network of all Sertoli genes (unique, shared with HPG, 

shared with Leydig, and shared with HPG and Leydig) was constructed but did not provide much 

in the way of visualization because the genes were so numerous (figure 9). The shared genes 

between Sertoli and Leydig (figure 10) again showed MYC, IGF1, and CYP17A1 being prominent, 

but so too were new genes such as HOXC6, involved in growth (prostate cancer), and TFF1, which 

is supposed to protect the gastral mucosa and acts a tumor suppressor gene. The network of unique 

Sertoli genes (figure 11) included VDAC2 at its center, an important gene in spermatogenesis, 

which was linked to such genes as ZP1, which helps in the formation of the zona pellucida around 

the oocyte, and FADD, a key player in apoptosis, which again shows the link between fertility and 

cell growth and death. Finally, figure 12 showed the network of unique Leydig genes, with such 

genes as RETN, which was previously discussed, PTHLH, which has normal functions but is also 

sometimes involved in cell growth. 

In order to link all of the genes mentioned with their associated pathways, a candidate pathway 

that included the most important was constructed (figure 13). IGF-1 initiates a signaling cascade 

which includes the activation of two cascades, the PI3K cascade and the Ras cascade. HRas, Raf, 

MEK, and c-Myc are all downstream components of this cascade, and thus the link previously 

discussed is better shown. In the PI3K cascade, the downstream signal is AKT, which activates 

Bcl-2, a protein involved in inhibiting apoptosis. The involvement of Bcl-2 in inhibiting apoptosis 
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is contrasted with that of CASP8 in promoting apoptosis, with CASP8, as mentioned previously, 

being a gene found to be unique to Sertoli cells. Bcl-2 is also linked to the VDAC2 pathway, which 

is, as mentioned, a key player in spermatogenesis. When Bcl-2 is inactivated, Bax is activated, and 

Bax activity is controlled by VDAC2.  

Development of a cell culture system for the analysis of Sertoli and Leydig cells 

1- Cellular isolation 

Following the bioinformatics analysis of the paternally imprinted genes, we were interested in 

testing the effect of beauvericin on both the Sertoli and Leydig cells. However, with few protocols 

available for the culture of sheep cells, we sought to develop a cell culture system that could make 

Leydig and Sertoli cells grow. Unfortunately, there were many hurdles that made said system 

impossible to realize. Leydig cells were hard to purify following extraction for several runs (runs 

1, 2, and 5 in table 4), and when isolated following Percoll purification, these cells barely grew 

(runs 3 and 4) when they were extracted - even then, they died off quickly. Sertoli cells fared better, 

but in the two successful runs for Sertoli cells, none made it to day 2, where only cellular debris 

was left (figure 14). 

2- Culture conditions 

For the Leydig cells, all of the runs were incubated at 37 °C, which was perhaps not an optimal 

temperature according to Deng et.al (Deng et al., 2018). Seeing that the temperature could be a 

problem, Sertoli runs 4-8 were incubated at 34 °C, and while there were some improvements, those 

improvements were noted only in extraction, and the run (run 8) that made it to day 1 was not 

much different from run 3, which also made it to day 1 and was incubated at 34 °C. Therefore, 

temperature is an unlikely explanation for these suboptimal results. 
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Due to the low rate of cell recovery in the first few runs (figure 15), we revisited the transported 

cells from the slaughterhouse and noticed that the butcher, without informing us, was freezing all 

the meat as a health hazard preventative measure. This could also explain some of the low rates of 

cell survival. We did, however, rectify this issue in runs 6-8. Despite the Leydig runs being 

conducted with trypsin (table 3), poor extraction rates were noted, so perhaps trypsin may have 

affected cell viability. Of course, the protocol itself, which received slight modifications from 

Deng et al. (Deng et al., 2018), might be to blame, but that is quite unlikely considering the major 

steps between the developed protocol and others are quite similar – the differences included a 

different culture medium and slightly different centrifugation parameters. Finally, it bears 

mentioning that runs 1-3 Leydig and 1-3 Sertoli were digested for 25 minutes, while the remains 

runs were digested for much longer (45 minutes). This is an important factor to consider because 

earlier runs had much more clumped cells and poorer survival rates. Considering all of these factors 

together, namely, digestion time, temperature, slaughterhouse conditions, trypsin usage, and a 

modified protocol, it is possible to see why these results were forthcoming – improvements in 

these areas might make it possible to amend this cell culture protocol. 

To that end, a slightly modified protocol to the one used is suggested. For example, the digestion 

time should be much increased, from a total of 25 minutes in Sertoli and Leydig cells to 45 minutes 

at the least. Researchers need to also make sure that the testicles they receive have not been frozen 

at any point in time as that process can severely negatively affect cells. Furthermore, since the cells 

were not surviving, hormonal stimulation with relevant growth factors might be a possibility to 

increase the chances that Sertoli and Leydig cells make it past the first few couple of days. For 

example, Adedara et al. (Adedara et al., 2014) found that bovine LH helped better stimualte Leydig 

cells to grow in culture, while (Liu et al., 2012) used 10% charcoal stripped fetal calf serum in cell 



26 

 

culture to supply the cells with the necessary grwoth factors. Antioxidants used in cell culture, 

such as the 0.1% β-mercaptoethanol used in (Deng et al., 2018)’s study, could also help reduce the 

oxygen radicals produced during cell culture which might possibly negatively impact the growth 

of these very delicate cells. 

 

VI – Conclusion and Implications 

We aimed to construct a network that clearly shows the relationship between the paternally 

imprinted infertility genes of the Sertoli, Leydig, and HPG and create a cell culture system that 

allows one to directly study the effects of mycotoxins on male reproductive cells such as Sertoli 

and Leydig cells. In addition, a comparison between the HPG and the HPT axes allowed a deeper 

exploration of the link between the thyroid and the male reproductive system. To identify said 

relationships, the bioinformatics part of this work was addressed to develop a list of imprinted 

infertility genes retrieved from GeneCards and to then draw a Venn diagram showing the shared 

commonalities and differences between the selected genes. Following that, networks with these 

common and unique genes were constructed to better visualize the collected data. The cell culture 

part of this work aimed to develop a cell culture system of Leydig and Sertoli cells that allowed 

the careful analysis of the effects of environmental insults on these cells. However, due to such 

factors as digestion time, temperature, slaughterhouse conditions, trypsin usage, and a modified 

protocol, this cell culture system could not be realized.  

In conclusion, with careful analysis of the relationships shared between Sertoli and Leydig cells 

and their relatedness to the hypothalamo-pituitary gonadal and hypothalamo-pituitary thyroid 

axes, one could draw a clearer picture of male infertility. One clear finding was the link between 

infertility and cell growth. It is therefore hypothesized that infertility may cause a distress signal 
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in which Sertoli cells try to activate growth factors to initiate spermatogenesis, but 

spermatogenesis ends up never taking place. Key to this finding is that VDAC2, an important gene 

in spermatogenesis, is part of those pathways seen to be upregulated in infertility, showing that 

infertility causes an ineffective loop, perhaps linked to a defective receptor(s), to take place. 

Important genes involved in cancer, such as HRAS, and the IGF and GH pathways, were also seen 

in the networks constructed for paternally imprinted infertility genes, again tying in this growth-

infertility connection.  

The implications for future lines of work are to take these paternally imprinted infertility genes of 

Sertoli, Leydig, and HPG and to link them to the growth factors which initiate spermatogenesis, 

thus elucidating the mechanisms of infertility, especially if the various stages of the 

spermatogonial cell cycle are aligned with those of the cells that regulate the cell cycle, namely 

Sertoli and Leydig cells. Environmental contaminants such as mycotoxins may also provide more 

insight into how disruptions in the male reproductive system may help better understand its normal 

functioning. Furthermore, a reliable and consistent cell culture system to grow Sertoli and Leydig 

cells needs to be refined, a missed realization of this research endeavor. Such factors as digestion 

time, temperature, slaughterhouse conditions, and trypsin usage were tested and refined and can 

now serve as a basis for a modified protocol in line with the available literature.  Cell culture is a 

challenging first step in replicating the proper functioning of the male reproductive system, and a 

potential two-cell culture system, though potentially adding bias, might better allow the survival 

of either cell type and the mimicking of the two-cell testicular system that allows proper 

spermatogenesis.   
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VII – Tables 

Table 1: Isolation and Culture Techniques of Sertoli Cells 

Specie Lysis  Cell Separation Technique  Culture Conditions  Reference  

Goat Collagenase 

DNase 

- Mechanical Mincing 

- 2-step enzymatic digestion  

1- at 37 °C for 30 min with 

1mg/mL collagenase IV, 50 

μg/mL DNase I   

2- at 37 °C for 10 min with 

0.25% trypsin/EDTA, 1 

μg/mL DNase I 

- Filter through 200- and 300 µm 

nylon mesh.  

- Culture at 37 °C in 5% 

CO2 

- Within 4 h of culture, 

harvest nonbinding cells 

and plate into new dish.  

- After 10 h, harvest 

nonadherent Sertoli cells 

suspensions and plate into 

new dish. 

(Su et al., 

2014) 

Sheep Collagenase - Mechanical digestion  

- Enzymatic digestion in 1 

mg/mL collagenase type IV at 

37 °C for 45 min 

- Centrifugation and rinsing at 

1000 RPM for 5 min 

- Cultured at 34 °C in 5% 

CO2 

- After 72 hours: cells 

treated with hypotonic 

Tris-HCL (20 mM, pH 

7.4) and shaken gently for 

2 minutes to remove 

residual germ cells 

(Deng et 

al., 2018) 
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Table 2: Isolation and Culture Techniques of Leydig Cells as following a collagenase digestion 

 Cell Separation Technique  Cell Culture Media  Reference  

M
o

u
se

 

- Percoll gradient (5%, 30%, 58% and 70%) (Sigma)  

- Centrifuge at 800g for 30 min at 4 °C 

- Cells in third layer (58%) collected 

- Phenol red-free DMEM:F12  

- 1% BSA,  

- 50 U/mL penicillin 

- and 50 mg/mL streptomycin 

(Yang et al., 

2007; Yang 

et al., 2014) 

Discontinuous Percoll gradient, using the methods 

described by Kerr et al. (1985) and Lee et al. (1994) 

- DMEM:F12 (Liu et al., 

2014b) 

R
at

 

- Passage through 70 µg mesh as diluted in M199  

- Discontinuous Percoll gradient: 5%, 30%, 58%, 

70% 

- Leydig cells in fourth band  

- M199 medium (Biegel et al., 

1993) 

- Filtered through a 100 µm stainless steel cell 

strainer 

- Pellet resuspended in 10 mL of M199 

- Loaded onto a discontinuous Percoll gradient: 30%, 

50%, and 70% 

- Centrifuge at 1000xg at 4 °C for 40 min 

- Leydig cells in second layer (50%)  

- Phenol red-free DMEM/F12,  

- 10% charcoal stripped fetal calf 

serum 

- 50 IU/ml penicillin 

- and 50 µg/ml streptomycin 

(Liu et al., 

2012) 

- filtration through doubled, 100-µm nylon mesh 

- Centrifugal elutriation step: different elutriation 

speeds and buffers to remove different cell types 

- M-199 medium (Klinefelter 

et al., 1987; 

Steinberger 

and 

Klinefelter, 

1993) 

- Passage through 0.2 µm nylon mesh  

- Percoll density centrifugation, no elutriation 

- Leydig cells at a density between 1.070 and 1.088 

g/ml 

- DMEM buffered with 14 mM 

NaHCO3  

- bovine lipoprotein 

- bovine LH  

(Adedara et 

al., 2014) 

S
h

ee
p

 

- 2 ml Percoll gradients: 21%, 26%, 34%, and 60% 

- Centrifuged at 4000 RPM for 30 min at 4°C 

- Leydig in 34% - 60% Percoll resuspended in M199 

medium 

- M199 medium 

- 10% FBS 

- 100 IU/mL penicillin 

- 100 mg/mL streptomycin 

- 2 mM glutamine 

- 1% non-essential amino acids,  

- 0.1% β-mercaptoethanol 

(Deng et al., 

2018) 
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Table 3: Type of Digestion and Incubation Temperature per Cell Type 

Run 

Cell type 
Digestion 

Incubation 

Temperature 

 Enzyme Time  

1-3 Sertoli, Leydig cells Trypsin + 

Collagenase 

25 minutes 37 °C 

4-8 Sertoli cells Collagenase 45 minutes 34 °C 
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Table 4: Cell Culture Details (Confluency, Plating Density, Live: Dead Ratio) of Leydig Runs 

   Confluency 

Run 
Ratio Live:dead Plating 

density 

Day 1 Day 2 Notes 

1 
- - 

0% 
- No cells were extracted; later 

assessment showed that testes frozen 

before delivery to lab  2 - - 0 % - 

3 2:3 1.5 x 106 40% 0% Cells died off quickly 

4 1:1  50% 0% Cells died off quickly 

5 -  1 x 104 - - low cell recovery rate, no survival 
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Table 5: Cell Culture Details (Confluency, Plating Density, Live:Dead Ratio) of Sertoli Runs 

   Confluency   Figure 

Run 
Ratio 

Live:dead 

Plating 

density 
Day 1 

Day 2 Day 3 Notes  

1 - - 0% - - No cells were extracted; 

later assessment showed 

that testes frozen before 

delivery to lab 

 

2 
- - 

0 % 
- -  

3 3:2 1.5 x 106 60% 70% 0% Cells died off 14 

4 - - 0% - - No cells were extracted; 

The temperature of the 

incubator was lowered 

from 37 °C to 34 °C 

 

 

5 

- - 0% - -  

6 4:1 5.2 x 105 40% 0%  Contamination on day 2 15 

7 4:1 1.7 x 105 30% 0%  Contamination on day 2 16 

8 2:1 4.1 x 105 50% 80% 0% Cells died off  
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VIII – Figures 

 

 

 

Figure 1: “DiVenn case study showing differentially expressed genes between WT and NFS1 

overexpression line (OX-NFS1) in Arabidopsis upon bacterial pathogen inoculation” 

(Sun et al., 2019) 
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Figure 2: Venn diagram showing the comparison of the commonly expressed infertility genes 

between Sertoli, Leydig, and the Hypothalamo-pituitary-thyroid axis (left panel) or gonadal axis 

(right panel) 
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Paternally imprinted genes found in Sertoli, Leydig, HPT, and HPG 

AR 

CYP19A1 

GH1 

GHRL 

GNRH1 

IGF1 

IL6 

KDR 

LEP 

NR3C1 

OXT 

PRL 

SHBG 

SOD1 

TP53 

 

Figure 3: Table showing all paternally imprinted genes linked to infertility shared in common 

between Sertoli and Leydig cells and the HPT and HPG axes   
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Figure 4: Matrix of most frequently represented genes in 25 different pathways, showing HRAS 

containing many pathways, while GNAS, CD36, IL4, and PTEN showed the least number of 

pathways 

 

 

 

 

 

 

 

 

 

 

 

 

1 Sertoli, 2 Leydig, 3 HPG 
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Figure 5: Venn diagram showing the commonalities between the 5 pathways with the highest 

number of genes from Sertoli and Leydig cells, most involved in metabolism  
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Figure 6: Venn diagram showcasing the interrelationships between genes found in the IGF 

pathway - namely, IGF1, IGF1R, INS, and INSR (Sertoli and Leydig) 
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Figure 7: Table showing the pathways shared in common between four members of the IGF 

pathway – IGF1, IGF1R, INS, and INSR 
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Figure 8: Network of all shared genes between Sertoli, Leydig, and HPG (purple: co-expression; 

pathway: cyan; co-localization: dark blue; predicted: orange; shared protein domains: beige; 

physical interactions: pink; genetic interactions: green), showing cellular growth pathways such 

as GHRL and INS and their relationship with fertility pathways such as LEP, ESR1, and 

CYP17A1 (Network mapped with genemania.org; see appendix) 
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Figure 9: Network of all Sertoli genes (unique, shared with HPG, shared with Leydig, and shared 

with HPG and Leydig) showing the high number of genes involved and the lack of helpful 

visualization possible with such a figure (Network mapped with genemania.org; see appendix) 
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Figure 10: Network of shared genes between Sertoli and Leydig genes, showing MYC, IGF1, and 

CYP17A1 being prominent, as well as new genes such as HOXC6, involved in growth (prostate 

cancer), and TFF1, which protects the gastral mucosa and acts a tumor suppressor gene 

(Network mapped with genemania.org; see appendix) 
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Figure 11: Network of unique Sertoli genes with VDAC2 at its center, an important gene in 

spermatogenesis, linked to such genes as ZP1, which helps in the formation of the zona pellucida 

around the oocyte, and FADD, a key player in apoptosis (Network mapped with genemania.org; 

see appendix) 
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Figure 12: Network of unique Leydig genes with genes as RETN, which ties in with the insulin-

IGF1 link and PTHLH, which has normal functions but is also sometimes involved in cell growth 

(Network mapped with genemania.org; see appendix) 
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Figure 13: Pathway linking the most important genes found in our analysis, showing the 

relationship between cell growth, apoptosis, and infertility-related genes 
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Figure 14: Leydig cells in culture showing little growth and contamination (day 1, 10X, run #3) 

 

  



47 

 

 

 

Figure 15: Sertoli cells following extraction on hematocytometer (day 0, 40X, run #6). White 

arrow, Dead Sertoli Cells; yellow arrow: Live Sertoli Cells, black arrow: red blood cells, yellow 

circles: spermatozoa (not usually visible in the same field as the Sertoli) 
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Panel A 

 
Panel B 

 
Panel C 

Figure 16: Sertoli cells in culture. Panel A: unwashed growing cells in culture 

dish (day 1, 10X, run #7), Panel B: Confluent Sertoli cells after washing (day 

2, 40X), Panel C: individual Sertoli Cells expanding surrounded by 

spermatogonial and sperm cells in culture (day 2, 40X). 
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IX – Appendix 

Figure 5:https://genemania.org/search/homo-

sapiens/GNAS/TP53/IL6/IGF1/INS/CGA/LEPR/KDR/LEP/ESR1/PRL/CYP11A1/GH1/CYP21A2/CYP19A1/SO

D1/AR/PGR/ESR2/POMC/SHBG/OXT/GHRL/NR3C1/GNRH1/INSL3/CGB5/ 

Figure 6:https://genemania.org/search/homo-

sapiens/GNAS/TP53/IL6/IGF1/INS/CGA/LEPR/KDR/LEP/ESR1/PRL/CYP11A1/GH1/CYP21A2/CYP19A1/SO

D1/AR/PGR/ESR2/POMC/SHBG/OXT/GHRL/NR3C1/GNRH1/INSL3/CGB5/TNF/BRAF/TGFB1/IFNG/MYC/C

REBBP/IGF1R/CTNNB1/EGF/CDK4/ITGB3/CDKN1B/RB1/IRS1/NOS3/CCL5/SLC2A1/FGFR2/APC/CYP1A1/P

CNA/TGFA/CFTR/KCNQ1/HTR2A/MLH1/ADIPOQ/BRCA2/ACE/PAX8/TSHB/TPO/GHR/CYP17A1/MC2R/DN

MT1/INHBA/VDR/CYP2R1/DCN/ALPP/MAS1/IGFBP3/IGF2R/TG/TGIF1/KCNE1/AFP/TERT/POU5F1/IGF2/

MEN1/SRY/WT1/CDKN1C/GAL/KRT7/KRT8/HCRT/GFAP/NASP/ZPBP/IGFBP1/AHR/ATRX/HTT/HRAS/PTEN

/CASP8/CYCS/CDK2/E2F1/GLUD1/TSC2/LAMB2/BDNF/BMP2/SMPD1/BRCA1/CFLAR/GLI3/RET/DHFR/HP

RT1/ZBTB16/ADA/BAK1/TUBB/APOB/THRB/H2AFX/TIMP3/EEF1A1/WFS1/ESX1/FMR1/GATA3/HELLS/H1

9/ZP1/ARID4A/PRM2/SPAG9/DIRAS3/ARID4B/NPM1/ATXN1/XIST 

Figure 7:https://genemania.org/search/homo-

sapiens/TNF/BRAF/TGFB1/IFNG/MYC/CREBBP/IGF1R/CTNNB1/EGF/CDK4/ITGB3/CDKN1B/RB1/IRS1/NO

S3/CCL5/SLC2A1/FGFR2/APC/CYP1A1/PCNA/TGFA/CFTR/KCNQ1/HTR2A/MLH1/ADIPOQ/BRCA2/ACE/PA

X8/TSHB/TPO/GHR/CYP17A1/MC2R/DNMT1/INHBA/VDR/CYP2R1/DCN/ALPP/MAS1/IGFBP3/IGF2R/TG/

TGIF1/KCNE1/AFP/TERT/POU5F1/IGF2/MEN1/SRY/WT1/CDKN1C/GAL/KRT7/KRT8/HCRT/GFAP/NASP/ZP

BP/IGFBP1/AHR/ATRX 

Figure 8: https://genemania.org/search/homo-

sapiens/HRAS/PTEN/CASP8/CYCS/CDK2/E2F1/GLUD1/TSC2/LAMB2/BDNF/BMP2/SMPD1/BRCA1/CFLAR/

GLI3/RET/DHFR/HPRT1/ZBTB16/ADA/BAK1/TUBB/APOB/THRB/H2AFX/TIMP3/EEF1A1/WFS1/ESX1/FMR

1/GATA3/HELLS/H19/ZP1/ARID4A/PRM2/SPAG9/DIRAS3/ARID4B/NPM1/ATXN1/XIST/ 

Figure 9:https://genemania.org/search/homo-

sapiens/IL10/INSR/IL2/IL4/STAT5A/DDC/CSF1/FH/TNFRSF10B/TNFRSF10A/NOTCH1/BMP7/IL17A/MPO/

PIAS2/AGT/MC4R/BECN1/HUWE1/PTHLH/TRH/ALB/DLK1/YY1/DNASE1/RETN/BGLAP/CTCFL/AKAP4/CDK

L5 
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