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Abstract  

In our environment there are many compounds which can negatively influence humans 

and wildlife. Every day, a vast number of environmental pollutants are released into our 

environment and there is no way to avoid their exposure. Some of these compounds can 

even mimic endogenous hormones and interfere with our endocrine system (so called 

endocrine disruptors), which is the key regulatory system controlling almost all 

physiological processes in human and animal bodies. Also the reproductive system is 

largely regulated by various hormones, and their proper function is crucial for gamete 

formation, fertilization and embryo development. Environmental pollutants are therefore 

considered as one of the possible causes of increased infertility in human population. This 

prompted us to study the effect of two endocrine disruptors (tetrabromobisphenol A – 

TBBPA, and zearalenone – ZEA) on the male mouse reproductive system in vivo. 

According to our results, TBBPA is able to induce apoptosis as well as changes in the 

expression of selected testicular genes and sperm protamination. Our results also suggest 

that permanent exposure to TBBPA slightly enhances its effect in the next generation, 

depending on whether the parents have been affected or not. We hypothesized that 

differential protamination of the sperm DNA may be one of the possible mechanisms of 

trans-generational transmission of the pathological phenotypes induced by environmental 

pollutants. 

Results from our next study have shown that ZEA is able to negatively influence the sperm 

quality, mainly sperm concentration and morphology. Based on our results from gene 

expression analysis we assumed that the most affected cells are spermatogonia and 

meiotic germ cells. Our results have also shown that the lower dose of ZEA had a greater 

effect on exposed animals. 

Finally, in the third part of the presented work we analyzed expression of selected genes 

in specimens from testicular biopsies of azoospermic patients who underwent TESE. Our 

results showed that gene expression analysis can be an additional and useful tool for 

assessing the most suitable procedure for each patient. 
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Souhrn 

Každý den je do našeho prostředí uvolňováno ohromné množství tzv. polutantů životního 

prostředí, které mohou negativně ovlivnit naše zdraví. Některé z těchto sloučenin jsou 

hormonálně aktivní látky (tzv. endokrinní disruptory), které mohou interferovat s naším 

hormonálním systémem. Hormonální systém ovlivňuje správnou funkci mnoha 

fyziologických procesů a je jeden z nejdůležitějších regulačních systémů v organismu. 

I reprodukční systém je do značné míry regulován různými hormony a jejich správná funkce 

je zásadní pro tvorbu gamet, oplodnění a vývoj embrya. Proto znečištění životního 

prostředí je považováno za jednu z možných příčin zvýšené neplodnosti v lidské populaci. 

V našich studiích jsme se proto rozhodli studovat vliv dvou endokrinních disruptorů 

(tetrabrombisfenol A - TBBPA a zearalenon - ZEA) na samčí reprodukční systém myší in vivo. 

Podle našich výsledků je TBBPA schopen indukovat apoptózu testikulárních buněk, stejně 

jako změny v expresi vybraných testikulárních genů a protaminaci spermií. Dále naše 

výsledky naznačují, že při kontinuální expozici TBBPA dochází k akumulaci jeho negativního 

vlivu v další generaci v závislosti na tom, zda rodiče byli nebo nebyli ovlivněni. Jedním 

z možných mechanismů trans-generačního přenosu by mohly být pozorované změny 

v protaminaci spermií.   

Výsledky z naší další studie ukázaly, že ZEA má negativní vliv na kvalitu spermií, zejména na 

koncentraci a morfologii. Výsledky z analýzy genové exprese naznačují, že mezi nejvíce 

ovlivněné buňky patří spermatogonie a meiotické zárodečné buňky. Naše výsledky rovněž 

ukázaly, že nižší dávka ZEA má výraznější efekt na testované reprodukční parametry než 

dávka vysoká. 

V naší poslední studii jsme analyzovali expresi vybraných genů ve vzorcích z testikulárních 

biopsií pacientů s azoospermií, kteří podstoupili TESE. Naše výsledky ukazují, že analýza 

genové exprese může být užitečnou diagnostickou metodou, která pomůže k výběru 

nejvhodnějšího postupu pro každého pacienta. 
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Abbreviations 

 Acr  acrosin gene     protein coding gene 

 Actb  β-actin       cytoskeleton  

 Anapc11  anaphase-promoting complex subunit 11 expressed during meiosis  

 Ar  androgen receptor    testosterone signaling 

 ART   assisted reproductive technology 

 Bax  Bcl2-associated X protein 

 Bcl-2  B-cell lymphoma    protein family 

 BFRs  Brominated flame retardants  

 bw  body weight  

 Ca2+   Calcium ion 

 Ccna1  cyclin-A1       spermatocyte marker 

 Ccnd1  cyclin D1     cell cycle 

 cDNA  complementary DNA     

 c-kit  mast/stem cell growth factor receptor  cytokine receptor 

 Cq  quantification cycle    qPCR metric 

 Crem  cAMP responsive element modulator 

 Ctds  cathepsin D      

 DAPI  4',6-diamidino-2-phenylindole   fluorescent stain (DNA) 

 DNA  deoxyribonucleic acid    nucleic acid 

 Dnmt1  DNA (cytosine-5)-methyltransferase  DNA methyltransferase 

 dUTP   deoxyuridine 5'-triphosphate    nucleotide 

 ED(s)  endocrine disruptor(s) 

 Eps8  epidermal growth factor receptor kinase substrate 8 

 ER(s)  estrogen receptor(s)    receptor   

 F1  first generation 

 F2  second generation 

 Fkbp5  FK506 binding protein 5  

 FSH  follicle-stimulating hormone   hormone (pituitary) 

 Fshr  follicle-stimulating hormone receptor 

 GAPDH  glyceraldehyde 3-phosphate dehydrogenase  enzyme-glycolysis 

 GH3  rat pituitary tumor cell line 

 GnRH  gonadotropin-releasing hormone  hormone (hypothalamic) 

 Grth  gonadotropin-regulated testicular helicase RNA helicase 

 HS  hypospermatogenesis 

 Hsps  heat shock proteins    protein chaperones 

 H3K4me2  histone H3 dimethylated at lysine 4  histone mark 

 H3K27me3 histone H3 trimethylated at lysine 27  histone mark 

 Icap1  integrin beta-1-binding protein 1  Sertoli cell marker 

 ICSI  intracytoplasmic sperm injection  assisted reproductive       

          technology 

 Igfbp5  insulin-like growth factor binding protein 5 

 IVF  in vitro fertilization    assisted reproductive       

          technology   
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 Kdm4a  lysine-specific demethylase 4A   histone demethylase 

 Mas1  mas proto-oncogene 

 MA  maturation arrest 

 MCF-7  human breast adenocarcinoma cell line 

 Meig 1  meiosis expressed gene 1   spermatocyte marker 

 MESA  microscopic epididymal sperm aspiration assisted reproductive       

          technology  

 MND1/GAJ meiotic nuclear division protein   expressed prior meiosis 

 P   protamines     sperm nuclear proteins 

 P1  protamine 1     sperm nuclear protein 

 P2  protamine 2     sperm nuclear protein 

 p21  cyclin-dependent kinase inhibitor 1  cell cycle 

 p53  tumor suppressive gene    cell cycle 

 Prm1  protamine 1     gene 

 PCR  polymerase chain reaction   DNA amplification method 

 qPCR  quantitative polymerase chain reaction  DNA amplification method 

 RNA  ribonucleic acid     nucleic acid 

 SCO  Sertoli cell only syndrome 

 Sik1  serine/threonine-protein kinase   protein kinase 

 Sox9  sex determining region Y-box 9   Sertoli cell marker 

 Spata2  spermatogenesis-associated protein 2  FSH-dependent  

 Sycp1  synaptonemal complex protein 1  spermatocytes specific 

 Sycp3  synaptonemal complex protein 3  spermatocytes specific 

 T4  thyroxine     thyroid hormone 

 Tff1  trefoil factor 1 

 TBBPA  tetrabromobisphenol A    flame retardant 

 TESE  testicular sperm extraction   assisted reproductive       

          technology 

 TH  thyroid hormone    hormone 

 TNP1  transition protein 1    spermatid marker 

 TNP2  transition protein 2    spermatid marker 

 TR  thyroid receptor    receptor 

 TTR  transthyretin     TH transport protein 

 TUNEL  terminal deoxynucleotidyl transferase dUTP nick end labeling 

 Vegfa  vascular endothelial growth factor A   growth factor  

 Wt1  Wilms tumor protein    Sertoli cell marker 

 ZEA  zearalenone     product of Fusarium fungi 

 α-ZOL  alpha zearalenol    metabolite of ZEA 

 β-ZOL  beta zearalenol     metabolite of ZEA 
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1. Introduction 

In recent years, infertility became a common problem in human population and therefore 

an important topic for scientific and medical research. According to the World Health 

Organization, 15 % of couples in reproductive age suffer from infertility problems, and up 

to 50 % of cases are caused by the male (Hirsh, 2003; Poongothai et al., 2009). One of the 

most common causes of male infertility is severely decreased sperm quality. Several 

studies have shown that sperm quality, in particular sperm concentration, has decreased 

globally over the past 60 years (Carlsen et al., 1992; Swan et al., 1997, 2000). These data 

generated much controversy because of the geographical and ethnical variation or 

different study designs. However, it also attracted attention of physicians and researchers 

to the problem of male infertility and its causes. Causes of the decrease in sperm quality 

and subsequent infertility problems can be numerous, such as stress, older age of parents, 

unhealthy lifestyle or smoking, and last but not least the poor quality of our environment.   

Many different pollutants and endocrine disruptors appear in our environment. They are 

released from factories or various products and can get into the water, food or air and 

influence our health. Therefore, it is necessary to reveal which of these pollutants are 

dangerous to our health to eliminate their usage. The field of science that studies the 

harmful effects of these pollutants is called environmental toxicology. Reproductive 

toxicology is particularly focused on the effect of these pollutants on reproduction. For this 

purpose, various in vitro and in vivo models are used. The main objective of reproductive-

toxicological studies is the effect of various pollutants especially on the endocrine system, 

spermatogenesis, and subsequently the sperm quality. Every year all published results are 

collected and the potential harmful effect of the tested compounds is assessed. These 

studies thus provide important information that can lead to restriction of usage of the 

harmful substance. 

 

1.1. Spermatogenesis 

The following part will be dedicated to the process of spermatogenesis as one of the most 

important processes in the male reproduction. Proper spermatogenesis is absolutely 
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crucial for production of functional sperm, and disruption of this process is very often the 

cause of male infertility.   

Spermatogenesis takes place in seminiferous tubules, which are long and convoluted 

structures inside the testis. Seminiferous tubules consist of various types of germ cells that 

are surrounded by supporting Sertoli cells. The interstitial space between particular 

seminiferous tubules consists of Leydig and myoid cells. All these cell types help create the 

environment necessary for proper spermatogenesis.  

The process of spermatogenesis begins with a series of mitotic divisions of primordial germ 

cells, which give rise to spermatogonia (types A1 - A4). Type A spermatogonia still retain 

the ability of stem cells, which means that they are able to divide and provide a constant 

supply of type A spermatogonia or to differentiate into type B spermatogonia. Type B 

spermatogonia are already determined for sperm differentiation and they lack the 

properties of stem cells. These cells divide mitotically and give rise to primary 

spermatocytes. Primary spermatocytes then enter the first meiotic division and form 

secondary spermatocytes, which subsequently complete the second meiotic division and 

produce haploid round spermatids (Dym, 1994) (Fig. 1). 

Meiosis is a special type of cell division typical of sexual reproduction during which the 

number of sets of homologous chromosomes in a diploid cell is reduced to a half. A cell 

with thereby halved chromosome number is referred to as a haploid cell. Meiosis proceeds 

in several steps and each step is characterized by certain actions. The first phase is called 

prophase I and it is characteristic by pairing of homologous chromosomes and subsequent 

homolog recombination during which the sister chromatids exchange part of their genetic 

information (so called crossing over) (Stewart and Dawson, 2008). During this phase the 

protein structure called synaptonemal complex is formed between homologous 

chromosomes and mediates the chromosome pairing and recombination. Prophase I is 

followed by metaphase I, when the meiotic spindle is formed and spindle fibers are 

attached to chromosome kinetochores. During anaphase I, the kinetochore fibers shorten 

and pull the homologous chromosomes apart (each chromosome consisting of two 

chromatids). Finally, during telophase I, the chromosomes arrive to the poles, the nuclear 

envelope is re-established and cytokinesis occurs (Bisig et al., 2012). After the first meiotic 
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division, each daughter cell has half the number of chromosomes consisting of a pair of 

chromatids. The second meiotic division is mechanically similar to mitosis. The spindle is 

attached to the chromosome kinetochores and separation of sister chromatids occurs, 

resulting in cells with haploid genome. It is important to realize that during 

spermatogenesis the cell division is not complete, but the cells remain connected with 

cytoplasmic bridges. These bridges facilitate communication between the cells and 

synchronizing the entire process (Dym and Fawcett, 1971). 

 

Fig. 1. Scheme of the seminiferous tubule with ongoing spermatogenesis and particular 

cell types present in testicular tissue 

Mammalian spermatogenesis is a highly coordinated process and throughout all the 

stages, the developing germ cells are attached to the Sertoli cells via specialized cell 

junctions (Lui and Cheng, 2012). In adulthood, Sertoli cells support spermatogenesis, but 

it is not the only function they have. Sertoli cells also play an important role during testis 

formation in fetal and early postnatal life (Sharpe et al., 2003). At puberty the role of Sertoli 

cells switches to supporting germ-cell differentiation and they also form the blood-testis 

barrier. The blood-testis barrier is created by adjacent Sertoli cells near the basal lamina 

and divides the seminiferous epithelium into the basal and apical compartments (Lui and 

Cheng, 2012). The maturation of Sertoli cells is controlled by hormones; in particular 

follicle-stimulating hormone (FSH) and thyroid hormone (TH). TH inhibits Sertoli cell 
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proliferation and stimulates their functional maturation, while FSH functions as a 

pro- proliferative factor (Sharpe et al., 2003). The number of Sertoli cells determines the 

number of germ cells that can be produced through spermatogenesis and hence 

determines the efficiency of sperm production. After the maturation during puberty, 

Sertoli cells are considered as non-proliferative; however, some studies have shown that 

Sertoli cells are able to regain their proliferative ability even in adulthood (Ahmed et al., 

2009; Tarulli et al., 2012).  

 

1.1.1. Spermiogenesis 

Spermiogenesis, sometimes also called spermateliosis, is the final stage of 

spermatogenesis when the transformation of round spermatids into differentiated 

spermatozoa occurs. It is a metamorphosis process, which involves condensation of the 

nuclei, formation of flagellar and acrosomal structures, and loss of a significant amount of 

cytoplasm. During this process many organelles such as the nucleus, endoplasmatic 

reticulum, Golgi apparatus, mitochondria, and centriole undergo structural and functional 

changes that are necessary for proper function of spermatozoa (de Kretser et al., 1998). 

In early stage of spermiogenesis, the Golgi apparatus is transformed into the acrosome 

vesicle, which is placed over the anterior half of the sperm head. Acrosome is quite similar 

to a cellular lysosome; it is a sack-like structure composed of inner and outer acrosomal 

membrane and contains various digestive enzymes (e.g. hyaluronidase or acrosin). 

Acrosome plays an important role during fertilization, in particular during the passage of 

sperm through oocytes’ external covers and sperm-oocyte binding. Another step is 

formation of the flagella structures, when the future axoneme grows out of one centriole 

and the flagellum is extended into the lumen of seminiferous tubules. During the flagellum 

formation, mitochondria align along the elongating flagella and are placed in the flagellar 

midpiece, where they form a ring around the axoneme (Abou-Haila and Tulsiani, 2000).  

During the last stage of spermiogenesis, condensation of the sperm nucleus takes place. 

This step-wise process includes disassembly of the nucleosome structure, replacement of 

histones by transition proteins (TNPs) and finally by protamines. The mechanisms 

controlling these processes are not fully understood; however, it is known that before the 
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nucleosome disassembly occurs, there is an extensive synthesis of histone variants (some 

of them testis specific) followed by stage-specific post-translational histone modification 

(mainly acetylation) (Oliva, 2006). Govin et al. (Govin et al., 2004) suggest that in this way, 

a new testis-specific “histone code” is formed, which could direct the histone-protamine 

transition. Moreover, acetylation induces changes of histone conformation and charge, 

resulting in a decrease of DNA-histone binding and thus facilitating the nucleosome 

disassembly and histone replacement (Oliva et al., 1987). The importance of histone 

acetylation during spermiogenesis has been shown in the study by Sonnack et al. (Sonnack 

et al., 2002), who demonstrated a link between the decrease of histone acetylation and 

incorrect histone-to-protamine exchange.  

 

Fig. 2. Diagram of histone to protamine transition during spermiogenesis (Oliva, 2006) 
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Nucleosome disassembly is followed by massive binding of TNPs, which serve as alignment 

factors for DNA strands. Furthermore, TNP1 is also involved in the repair of DNA breaks 

(Zhao et al., 2004). Transition proteins are subsequently replaced by protamines. It is 

known that protamines are phosphorylated shortly after translation and that their 

phosphorylation is essential for proper protamine binding to DNA. Once protamines are 

bound to DNA, they are dephosphorylated and a highly compact nucleoprotamine complex 

is formed (Carrell et al., 2007) (Fig. 2). Once the sperm DNA is tightly packed with 

protamines, the overall transcription is terminated and the sperm nucleus remains 

transcriptionally silenced.  

 

1.1.2. Protamines  

Protamines are the most abundant sperm nuclear proteins. They are small highly basic 

proteins with high content of arginine. They also contain cysteines, which enable them to 

form disulfide bridges that further stabilize the nucleoprotamine complex (Balhorn, 2007). 

Protamine transcription and translation takes place during the post-meiotic phase of 

spermatogenesis. Protamine mRNA is present in round spermatids; however, the 

translation is delayed and is observed in elongated spermatids (Steger, 1999). Protamines 

pack DNA in a different manner compared to histones. Protamines coil the DNA into large 

toroidal structures of about 50 thousand base-pairs, which leads to 10-fold compaction of 

the male genome (Allen et al., 1993). In mature human spermatozoa, about 85 % of 

histones are replaced by protamines. In mouse species the replacement is even more 

pronounced and about 99 % of histones are replaced by protamines (Brunner et al., 2014).   

In mammals, there are two types of protamines – protamine 1 (P1) and protamine 2 (P2). 

Protamine 1 is present in the sperm nucleus of all studied mammalian species, whereas 

protamine 2 is only present in some of them, including human and mouse (Corzett et al., 

2002). The relative proportion of the two protamines differs depending on the genus, but 

it is consistent within the same species. In normal human spermatozoa, the P1 to P2 ratio 

(P1/P2) is approximately 1.0 (Carrell and Liu, 2001). In mature mouse spermatozoa the 

content of P2 is higher and the P1/P2 ratio is around 0.4 (Corzett et al., 2002). 
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One of the main functions of protamines is condensation of the paternal genome. Before 

fertilization, sperm must undergo the journey through the female genital tract, where it 

could be potentially exposed to various nucleases and mutagens. However, tightly 

condensed DNA is inaccessible to these substances, and thus the sperm genetic 

information is protected against damage. Also condensation of DNA results in a compact 

and hydrodynamic nucleus, which is linked with the shape of the sperm head. Indeed, it 

has been shown that protamine deficiency is linked with abnormal sperm head 

morphology (Cho et al., 2001).   

Many studies have shown a link between alterations of protamine content or protamine 

ratio and male infertility. Changes in normal P1/P2 ratio were observed in patients having 

problems with conceiving; however, no changes in P1/P2 were observed in fertile 

donors (Carrell and Liu, 2001; Mengual et al., 2003; Oliva, 2006; Jodar and Oliva, 

2014). Other studies have shown a correlation of abnormal protamination with increased 

sperm DNA fragmentation, which resulted in lower fertilization rates, poor embryo quality 

and reduced pregnancy rates (Khara et al., 1997; Aoki et al., 2005; Simone et al., 2012). 

Differences in protamine content or ratio may have various causes such as changes in 

protamine transcription, altered translation of the transcript, or problems with 

post- translational modifications. 

The sperm, besides carrying the paternal DNA, also transmits epigenetic information, e.g. 

DNA methylation or activity of small RNAs, which could be transmitted to the oocyte and 

influence the progeny (Stouder and Paoloni-Giacobino, 2011; Kiani et al., 2013; Liebers et 

al., 2014). However, DNA methylation or small RNAs are not the only type of epigenetic 

information that can be delivered by sperm to the oocyte. There is growing evidence that 

the distribution of genes in the regions associated with protamines or histones in the 

sperm is not random (Li et al., 2008; van der Heijden et al., 2008). Hammound et al. 

(Hammoud et al., 2009) were able to identify sperm DNA which remains associated with 

histones and they have shown that this DNA contains loci important for early development, 

including imprinted gene clusters, miRNA clusters, and promoters of developmental 

transcription and signaling factors. Moreover, they have demonstrated the presence of 

activating (H3K4me2) and repressive histone modifications (H3K27me3) localized to 

promoters of genes encoding transcription factors significant for embryo development. 
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The activating and repressive histone marks on distinct promoters have also been detected 

in mouse sperm (Brykczynska et al., 2010). Furthermore, recently, changes in histone 

distribution in sperm DNA of infertile patients compared to fertile donors have been 

observed (Hammoud et al., 2011). Taken together, epigenetic marking in sperm seems to 

be more extensive than previously thought and histone/protamine distribution is an 

important part of it.  

The study by Cho et al. (Cho et al., 2001) nicely demonstrated the importance of 

protamines for proper sperm function and embryo development in mice. Authors have 

shown that both protamines are essential and that a decrease in the amount of either 

protamine impairs nuclear formation and leads to altered spermatogenesis and male 

infertility. 

 

1.1.3. Genetic and hormonal control of spermatogenesis 

As mentioned above, spermatogenesis involves precise regulation of different cellular 

events that take place in the seminiferous epithelium composed of Sertoli cells and 

developing germ cells, surrounded by Leydig and myoid cells. These events require precise 

co-ordination, which occurs on three regulatory levels – extrinsic, interactive and intrinsic 

regulation (Eddy, 2002). 

Intrinsic control is provided by evolutionarily conserved genetic program that determines 

when specific genes are expressed. During spermatogenesis, various germ cell-specific 

transcripts are produced and many of them are transcribed only during a specific stage of 

male germ cell development (Fig. 3). These transcripts can be produced in several 

ways: a) they can be products of genes that are germ cell-specific homologs of somatic 

genes; b) others can be products of unique genes; c) some of them can be products of 

alternative splicing (Eddy and O'Brien, 1998). The development of male germ cells includes 

processes that do not occur elsewhere, such as meiosis, genetic recombination, formation 

of the acrosome and flagellum, and remodeling and condensation of chromatin. All these 

processes are highly ordered and require specific proteins and well-coordinated timing – 

the regulation of gene expression is thus crucial for proper spermatogenesis.  
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Interactive regulation represents communication of neighboring cells that influence each 

other. In this system, the key players are Sertoli cells, which are connected with germ cells 

via specialized cell junctions and also form the blood-testis barrier (Lui and Cheng, 2012). 

In this way, they provide environment for male germ cell development and control all 

stages of spermatogenesis. 

 

Fig. 3. Scheme of individual stages of the spermatogenic process with appropriate cell 

types and selected gene markers 

 

Extrinsic regulation is represented by the endocrine hormonal system. The main 

hormones that control development of male germ cells are gonadotropins – luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH); and sex steroids (e.g., testosterone 

and 17β- estradiol) (Lui and Cheng, 2012). The hormonal regulation of spermatogenesis is 

based on the hypothalamo-pituitary-testis axis (Fig. 4). Hypothalamic gonadotrophin-

releasing hormone (GnRH) induces secretion of pituitary hormones – LH and FSH. LH acts 

on Leydig cells, where it induces testosterone production. Testosterone is important for 

proper spermatogenesis and its absence or absence of functional androgen receptor (AR) 

cause male infertility. AR is expressed in Leydig cells, peritubular myoid cells and Sertoli 

cells; however, its presence in germ cells is controversial (Wang et al., 2009). Sertoli cells 

are considered the main target of the testosterone action. Lack of testosterone or knock 

out of AR in Sertoli cells results in disruption of the blood-testis barrier and causes 
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premature release of round spermatids (O'Donnell et al., 1996; Willems et al., 2010). The 

importance of testosterone action is also illustrated by cyclic expression of AR in Sertoli 

cells, where certain levels of AR correspond to particular stages of the seminiferous 

epithelium (Bremner et al., 1994; Suarez-Quian et al., 1999). 

Sertoli cells are also target for FSH action. As previously mentioned, in pre-pubertal testes 

FSH plays a role in determining the number of Sertoli cells (Sharpe et al., 2003). In adult 

testes, FSH acts as a germ cell surviving factor and promotes the initial stages of 

spermatogenesis. FSH has been shown to prevent germ cell loss and amplify the 

population of differentiated spermatogonia in the hypophysectomised Rhesus monkey 

(Marshall et al., 1995). In Sertoli cells, FSH binding induces expression of genes important 

for proper spermatogenesis (e.g. follistatin or activin B) and for maintenance of the cyclic 

character of spermatogenesis (inhibin). Both inhibin and testosterone act via negative 

feedback on hypothalamo-pituitary axis and inhibit production of LH and FSH (Sofikitis et 

al., 2008).  

 

Fig. 4. Scheme of hormonal control triggered by hypothalamo-pituitary-testis axis 

 



19 
 

In mouse, the entire developmental process from spermatogonial stem cells to 

spermatozoa takes approximately 35 days (depending on the particular strain). The mitotic 

stage lasts ∼11 days, meiosis lasts ∼10 days, and spermiogenesis takes up another 

∼13.5 days. In humans, the sperm development is nearly twice as long (Eddy, 2002). 

 

1.2. Endocrine disruptors 

Endocrine disruptors (EDs) are exogenous substances that are structurally similar to 

endogenous hormones and are able to interfere with them. This results in disruption of 

the function of endocrine system, and consequently causes various health problems for 

the particular organism or its progeny (Damstra et al., 2002). In the last thirty years, these 

substances are under systematic investigation to reveal their potential harmful effect on 

mammalian organism. The reproductive system may primarily affect substances with 

anti- androgenic or estrogenic effect (Crisp et al., 1998). 

Anti-androgenic compounds bind to the androgen receptor (AR) and thus prevent natural 

action of endogenous androgens. The proper function of androgens is most important 

during the development of the male reproductive tract, when the proper function of 

androgens is necessary for embryo masculinization. In adults, androgens are important for 

proper spermatogenesis (Walker, 2011; Smith and Walker, 2014). One example of 

endocrine disruptor with anti-androgenic action can be vinclozolin, which is widely used as 

a fungicide (Anway and Skinner, 2008; Elzeinova et al., 2008). 

The environmental pollutants with estrogenic action can be divided into phytoestrogens, 

which are products of plants, and xenoestrogens, which are products of human action. 

These compounds mimic natural estrogens and can alter the function of estrogen signaling 

and cause various defects by interfering with synthesis, binding or cellular responses of 

natural estrogens (Roy et al., 2009). Phytoestrogens include compounds such as genistein 

(present in soya beans); resveratrol (present in red wine) but also some mycotoxins such 

as zaeralenone (present in grain) (Fremont, 2000; Kyselova et al., 2004; Cano-Sancho et al., 

2013). Xenoestrogens also represent a wide range of compounds. Among the most studied 

are polychlorinated biphenyls, bisphenol A, phthalates, or diethylstilbestrol (Kuiper-
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Goodman et al., 1987; Peknicova et al., 2002; Kyselova et al., 2004; Wittassek and Angerer, 

2008). 

In the environment, there are many of potential endocrine disruptors which need to be 

tested for their possible harmful effect (in toxicological studies). The mouse model is 

widely used in such toxicological studies because of its indisputable advantages. One of 

them is the existence of various mouse strains with different properties. For example, 

there are many inbred or outbred mouse strains. Outbred strains are genetically 

heterogeneous, and thus reflect genetic variability in real human or wild-life population. 

On the contrary, inbred strains are genetically homogeneous and thus better suited for 

genetic analysis, and the results are easier to reproduce because there is less genetic 

variance (Jamsai and O'Bryan, 2011). Another benefit of using a mouse model for 

reproductive-toxicological studies is their short generation time, which enables performing 

multigenerational studies. In these studies, mice are exposed to the tested substance for 

several generations, which allows determination of a possible transgenerational effect of 

the tested compound.  

 

1.2.1 Tetrabromobisphenol A 

Tetrabromobisphenol A (TBBPA) is a highly lipophilic halogen compound, which is 

commonly used as a flame retardant. With consumption more than 210,000 tons per year, 

TBBPA is one of the most widely used brominated flame retardants (BFRs) (Alaee et al., 

2003). It is primarily used as a reactive flame retardant in epoxy resins and polycarbonates 

and it has been shown to be able to release from various electronic devices (Birnbaum and 

Staskal, 2004). Indeed, TBBPA was detected in the environment in various areas. The most 

frequent sources of emissions are waste water from factories producing BFRs. Samples 

from a river located near such a factory, revealed quite high concentrations of TBBPA – 

upstream from the factory – 34 mg of TBBPA/g dry weight; downstream from the factory 

– 270 mg of TBBPA/g dry weight (Kierkegaard et al., 2009). TBBPA was also found in rivers 

and marine sediments in Japan (Watanabe et al., 1983) and in the sewage sludge in Sweden 

and Canada (Kierkegaard et al., 2009) (Fernandez et al., 2007). Sjödin et al. (Sjodin et al., 

2001) measured concentrations of TBBPA in the air from the dismantling hall at the 

recycling plants, computer repair shops, factories producing circuit boards and offices 
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equipped with computers. TBBPA was found in all the samples, with the highest 

concentration in recycling plants (55 pmol/m3). TBBPA was also found in relatively high 

concentration (19 mg/g) in the dust inside the television cabinets (Takigami et al., 2008) 

and in the dust of houses in Japan (~500 ng/g) (Takigami et al., 2009). It is very likely that 

dust is the main source of TBBPA exposure in humans. It was shown that TBBPA may be 

transported through the placenta to the fetus and it was found in human umbilical cord 

blood (Legler, 2008). 

TBBPA can strongly bind to transthyretin (TTR). The function of TTR is to transport 

thyroxine (T4) and vitamin A. In vitro experiments showed that TBBPA has even higher 

affinity to TTR than T4 itself (Meerts et al., 2000). Furthermore, it was demonstrated that 

TBBPA inhibits binding of triiodothyronine (T3) to the thyroid receptor (TR) and stimulates 

proliferation of GH3 cells (TH-dependent pituitary cells) (Kitamura et al., 2002; Fini et al., 

2007). TBBPA is also able to bind to the estrogen receptor in vitro (Korner et al., 1998) and 

is able to induce proliferation of estrogen-dependent MCF-7 (Samuelsen et al., 2001) and 

Mit/E2 cells (Kitamura et al., 2002). Other in vitro studies have shown toxicity of TBBPA to 

Sertoli TM4 cells. It has been shown that TBBPA increases Ca2+ concentration within these 

cells in the 5–60 µM concentration range. In higher concentrations (18–60 µM), TBBPA also 

causes cell death via apoptosis (Ogunbayo et al., 2008). A few studies have investigated 

the effect of TBBPA on the reproductive system in vivo. Experiments performed on Wistar 

rats (Van der Ven et al., 2008) showed reduction of thyroxin circulation, increased weight 

of gonads and increased plasma levels of testosterone in F1 males. 

All these studies indicate that TBBPA is a ubiquitous environmental pollutant with potential 

negative effect on human or wildlife health. Therefore, additional in vivo studies are 

needed to further study this compound and asses its potential deleterious effect.  

 

1.2.2. Zearalenone 

Zearalenone (ZEA) is a mycotoxin produced by fungi of the genus Fusarium. These fungi 

are common pathogens of most agricultural crops mainly wheat, corn, barley, oats, rice, 

but also hay or silage (Kuiper-Goodman et al., 1987). In mammals, ZEA is metabolized to 

α- and β-zearalenol (α-ZOL, β- ZOL). Zearalenone and its derivatives are able to bind to 
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estrogen receptors (ER-α and ER- β) and induce an estrogenic response. ZEA affinity to ERs 

is about 20 times lower than that of 17β- estradiol (Kuiper-Goodman et al., 1987). ZEA is a 

thermally stable compound and therefore it is present in various food products, e.g. bread, 

cereals or milk (Kuiper-Goodman et al., 1987; Prelusky et al., 1990). ZEA concentration in 

foods varies in a very wide range which depends on climatic conditions (Minervini et al., 

2005). Considering the average concentration of ZEA in food and its consumption, the 

average daily dose was calculated to 2.4 - 29 ng/kg bw/day for an adult in Europe and 

North America.  For toddlers (12–36 months old), the highest average daily intakes was 

calculated to 9.3 - 100 ng ZEA/kg bw/day (Zinedine et al., 2007). Experiments with 

radioactively labelled ZEA have shown that ZEA has the same body distribution as estrogen 

– it was found in the uterus, testicular interstitial cells and ovarian follicles. Some labelled 

ZEA was also found in adipose tissue where it could accumulate similar way as estrogen 

(Kuiper-Goodman et al., 1987). 

The main effect of zearalenone results from its estrogenic activity. ZEA as well as its 

derivatives α-ZOL and β-ZOL are able to bind to ER and thus compete with natural 

17β- estradiol. It has been shown that binding of ZEA or its derivatives trigger estrogen 

stimulation (Kuiper-Goodman et al., 1987). Thus ZEA is able to disrupt the hormonal 

balance in various animals in vivo. Breeding animals are often exposed to ZEA because it is 

commonly present in feed. Different species exhibit distinct sensitivity to ZEA and also 

relative dose, and life stage during which it is consumed are important. The biggest effect 

was observed in pigs, where ZEA arouse hyperestrogenism which can lead to vulva 

swelling, enlargement of the uterus, false pregnancy or abortion (Ruhr et al., 1983). It has 

been shown that ZEA and its derivatives can also affect the oocytes and sperm in vitro. 

Maturation of pig oocytes in vitro was negatively influenced by α- and β-ZOL (Alm et al., 

2002). Negative dose-dependent effect of ZEA was also observed on boar sperm where it 

induced decrease viability, motility as well as chromatin stability of exposed cells 

(Tsakmakidis et al., 2006; Benzoni et al., 2008). 

Adverse effect of ZEA and its derivate was observed also on mice where it induced 

significant increase of abnormal spermatozoa and significant decrease of live spermatozoa. 

Testicular and cauda epididymal sperm counts were also reduced, as well as serum 

testosterone (Yang et al., 2007a). An in vivo study in rats showed that a single 
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intraperitoneal dose of ZEA (5 mg/kg bw) induces testicular germ cell apoptosis in a 

time- dependent and stage-specific manner (Kim et al., 2003). In another study, rats were 

subcutaneously injected with 4 or 40 µg of ZEA at 5th-15th postnatal day and subsequently 

subjected to analysis at postnatal day 16. This study has shown that treatment with ZEA 

results in reduced number of spermatogonia and Sertoli cells. Also the testis weight and 

seminiferous tubule diameter and length were significantly decreased after ZEA exposure 

(Filipiak et al., 2009). An in vitro study, made on mouse Leydig cells, has demonstrated 

decrease of testosterone production in Leydig cells co-treated with ZEA or α-ZOL and 

human chorionic gonadotropin. During this study authors also observed decreased 

expression of 3β-hydroxysteroid dehydrogenase/isomerase, cytochrome P450 side chain 

cleavage enzyme and steroidogenic acute regulatory protein, which play a crucial role 

during steroidogenesis (Yang et al., 2007b).  

All these results indicate that exposure to ZEA can cause disruption of endogenous 

hormonal system as well as impair male reproductive parameters in vivo. Although, the 

effect of ZEA was quite extensively investigated, there are no studies examining the 

long- term exposure to low (physiologically relevant) concentration of ZEA. 

 

1.3. Assisted reproductive technology 

As mentioned previously, in human population there are many couples experiencing some 

form of infertility problems. Many of them search for medical assistance and are 

recommended to use services of some of the centers of assisted reproduction. In these 

centers, various assisted reproductive techniques are used. It is very important to choose 

a suitable technique depending on the cause of infertility. The most simple and least 

demanding for the couple is intrauterine insemination. In the case of more severe 

pathology, it is possible to proceed from insemination to conventional in vitro fertilization 

(IVF), intracytoplasmic sperm injection (ICSI), testicular sperm extraction (TESE), or 

microscopic epididymal sperm aspiration (MESA) (Wosnitzer and Goldstein, 2014). 

The conventional IVF represents a technique in which the oocytes (extracted from the 

follicles) are placed in a special solution and sperm with normal motility and morphology 

are subsequently added. The fertilized oocytes are cultivated up to the blastocyst stage 
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and are then transferred into the uterus. ICSI is used in cases of a low number of sperm 

(oligozoospermia) and motility defects. This methodology is based on incorporation of 

a single sperm into the oocyte using a micro-needle. Even azoospermia (no measurable 

level of sperm in the semen) caused by obstruction of the post-testicular genital tracts can 

be treated. The sperm can be obtained directly from the testes/epididymis with the 

TESE/MESA methodology (Mansour, 1998). 

The first IVF baby was born in 1978, and it is estimated that since then more than 5 million 

babies have been born using assisted reproductive technology. Every year, approximately 

1.5 million IVF treatments are performed worldwide with about 350,000 babies born. In 

countries such as Belgium, Czech Republic, Denmark, Estonia, Iceland, Norway, Slovenia 

and Sweden, more than 3.0% of all babies born were conceived using some of the assisted 

reproductive techniques (Kupka et al., 2014). These numbers clearly show that assisted 

reproduction is an important part of our society and there is great effort to further improve 

the IVF techniques as well as diagnostic methods which are crucial for choosing the most 

suitable treatment.   

 

2. Aims of the work 

 To evaluate how TBBPA affects the male gonadal function with focus on testicular 

morphology, sperm quality and expression of selected genes;  

 

 To assess the effect of treatment with a low dose of mycotoxine zearalenone on the 

male gonadal function, sperm quality and expression of genes playing important roles 

during spermatogenesis, genes expressed in Sertoli cells, and genes playing a role in 

apoptosis and hormonal response;  

 

 To investigate the expression of spermatogenesis-related genes in specimens from 

testicular biopsies of infertile men who underwent TESE for the ICSI procedure to 

provide an additional approach to increase the prediction of positive TESE outcome. 
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3.4 
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4. Summary of published results 

In the following chapter I would like to highlight and discuss the main scientific outcome 

of the presented research papers.  

 

4.1. The effect of TBBPA on male gonadal function with focus on testicular morphology, sperm 

quality and expression of selected genes. (Research papers 3.1. and 3.2.) 

In these studies, we analyzed the effect of brominated flame retardant 

tetrabromobispehol A (TBBPA) on reproductive parameters of male mice in vivo. This 

environmental pollutant has been shown to be ubiquitous in the environment. The main 

source of contaminations are factories where TBBPA is produced, and it has also been 

shown that it is released from various electronic products and thus contaminating our 

homes or offices (Alaee et al., 2003; Takigami et al., 2009).  

We conducted two-generational in vivo study where animals were continuously exposed 

to TBBPA. TBBPA was dissolved in drinking water in concentration 200 µg/l, which roughly 

corresponds to 35 µg/kg bw. In the F1 generation there were two sub-groups – C (control 

group) and T (group exposed to TBBPA). In group T, the pups were exposed to TBBPA 

during gestation, lactation, pre-pubertal and pubertal period, and up to the adulthood. In 

group C, the pups were not exposed to TBBPA at all. Animals of F1 generation were bred 

at the age of 70 days to form F2 generation. The breeding was performed as follows – 

females and males from group C formed group CC (control group of F2 generation); both 

parents from group T formed group TT (interbreeding), female from group C and male from 

group T formed group CT (outcrossing), and female from group T and male from group C 

formed group TC  (reverse outcrossing). Pups of F2 generation were exposed to TBBPA only 

in groups TC and TT (groups CC and CT were not exposed). 

At the age of 70 days, animals of both generations were sacrificed and subjected to 

analysis. First, we evaluated the general reproductive parameters. We did not observe any 

effect of TBBPA on the number or sex ratio of the progeny, body weight and anogenital 

distance in both generations. Regarding the weight of reproductive organs, the most 

affected group was the group TT of F2 generation, where we noticed significantly reduced 

testicular weight and increased weight of the prostate and seminal vesicles. Evaluation of 
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sperm parameters (sperm morphology, viability and acrosome status) did not reveal any 

negative changes after exposure to TBBPA in both generations.  

We also performed histological analysis using testis paraffin sections stained by 

hematoxylin (nucleus) and eosin (cytoplasm). In experimental groups we did not observe 

any visible pathological changes in morphology of seminiferous tubules. Likewise, the 

process of spermatogenesis was not interrupted. We also analyzed the epithelial thickness 

and tubule diameter. TBBPA did not have any effect on the tubule diameter; however, 

epithelial thickness was significantly lower in groups T (F1 generation) and TC; TT 

(F2 generation). To identify the number of apoptotic cells in the testes we performed the 

TUNEL analysis of testis paraffin sections. We observed increased numbers of apoptotic 

cells in the testes in group T of the F1 generation (almost double compared to the control) 

and in groups TC and TT of the F2 generation (about 25 % more apoptotic cells compared 

to the control). 

To evaluate the effect of TBBPA on events taking place in testicular tissue more closely, we 

analyzed the expression profile of several testicular genes. The gene for proacrosin (Acr) 

was tested as an acrosome-specific gene. The gene for androgen receptor (Ar) was tested 

as an androgen-responsive gene. Several genes for heat shock proteins (Hsps) – Hsp70-2, 

Hsc70t, Hsp60, and APG-1 – were analyzed to determine the overall stress effect of TBBPA 

on testicular cells. Genes for Bax and Bcl-2 proteins were selected for their relation to 

apoptosis, and finally the Sox9 gene was chosen as a marker for Sertoli cells. The most 

affected groups were those that were exposed to TBBPA – groups T (F1 generation) and 

TC; TT (F2 generation), where we detected decreased expression of genes for Hsp70-2, 

Hsp60, Bcl- 2 (anti-apoptotic protein) and Sox9. In these groups, we noticed increased 

expression of genes for Hsp70-t and Bax (pro-apoptotic protein). Moreover, we detected 

significantly decreased expression of the gene for Ar in groups TC and TT. Interestingly, we 

also observed certain changes of gene expression in group CT (F2 generation), which had 

not been exposed to TBBPA (only the father was). Here, we observed increased expression 

of genes for Hsp70- 2 and Hsp60.   

In summary, our results provide evidence that TBBPA is able to induce apoptosis of 

testicular cells, which is probably the cause of decreased thickness of seminiferous 
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epithelium. The analyzed sperm parameters did not show any alterations after TBBPA 

exposure; however, real-time PCR analysis revealed changes in the expression of selected 

testicular genes. These genes were selected because of their essential role during 

spermatogenesis, and thus any alteration of their expression might lead to impairment of 

this process. Our results also suggest that permanent exposure to TBBPA slightly enhances 

its effect in the next generation, depending on whether the parents were affected or not. 

In our next study, we decided to get a closer look on the effect of TBBPA on spermatozoa 

as the carrier of parental genetic information. We analyzed the protamine content and 

DNA integrity in the mouse sperm after TBBPA exposure. In this study we used the same 

TBBPA concentration (200 μg/l) and treatment (continuous exposure during gestation, 

lactation, pre-pubertal, pubertal periods up to adulthood) as in previous study. Regarding 

the results from protamine analysis, we detected a decreased P1/P2 ratio (0.362 ± 0.024 

in TBBPA group vs. 0.494 ± 0.052 in controls) and increased total protamine/DNA ratio 

(0.517 ± 0.073 in TBBPA vs. 0.324 ± 0.081 in controls). To analyze the sperm DNA integrity, 

we performed the TUNEL assay. In animals exposed to TBBPA, we observed higher number 

of TUNEL positive spermatozoa compared to the control (39.5 ± 4.5 % vs 21.2 ± 3.1 %), 

indicating higher sperm DNA fragmentation in the exposed animals. One of the main 

function of protamines is to protect the paternal genetic information (Carrell et al., 2007), 

and thus it is not surprising that in animals with altered sperm protamination we also 

observed higher sperm DNA fragmentation. Various studies have demonstrated the link of 

protamine imbalances and DNA fragmentation with male infertility (Carrell and Liu, 2001; 

Mengual et al., 2003; Aoki et al., 2005; Oliva, 2006). However, protamines might also be 

involved in other aspects than protection of paternal DNA. It has been shown that 

protamines play an important role in the sperm epigenome (Hammoud et al., 2009; 

Hammoud et al., 2011), and thus differential protamination of the sperm DNA may 

represent a possible mechanism of trans-generational transmission of the pathological 

phenotypes induced by environmental pollutants.  
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4.2. The effect of treatment with a low dose of mycotoxin zearalenone on the male gonadal 

function, sperm quality and expression of important testicular genes. (Research paper 3.3.) 

Zearalenone (ZEA) is a nonsteroidal estrogenic mycotoxin produced by a variety of 

Fusarium fungi, which are common contaminants of cereal crops worldwide (Kuiper-

Goodman et al., 1987). In this study, we investigated the effect of two different 

concentrations (150 µg/l and 0.15 µg/l) of ZEA on the reproductive parameters and 

expression of testicular genes in male mice in vivo. In this experiment, there were two 

experimental groups (one exposed to ZEA in concentration 0.15 µg/l and one at 150 µg/l) 

and one control group (not exposed). ZEA was administered in drinking water starting from 

the first day of mothers’ pregnancy; the born pups were then exposed during gestation, 

lactation, pre-pubertal and pubertal period up to the age of 70 days, when they were 

sacrificed and analyzed. Animals exposed to the low dose were exposed to an 

environmentally relevant concentration (around 25 ng/kg bw) (Zinedine et al., 2007). 

We did not observe any changes of the body weight or weight of reproductive organs 

between the control and experimental groups. However, we observed decreased sperm 

quality mainly in the group exposed to low concentration of ZEA. In this group we observed 

decreased sperm concentration, increased amount of morphologically abnormal 

spermatozoa and increased binding of apoptotic marker annexin V. Using the qPCR 

technique we evaluated the expression profile of 28 testicular genes. The tested genes can 

be divided into five groups according to their function – genes expressed in the germ cells 

(Vegfa, Sycp3, Sycp1, Ccna1, Meig1, Grth, Prm1, Tnp1, Tnp2), genes expressed in Sertoli 

cells (Sox9, Wt1, Eps8, Icap1, Mas1), genes playing a role in hormonal response (Ar, Fkbp5, 

Tff1, Igfbp5, Ctsd, Fshr), genes playing a role during apoptosis (p21, Bcl, p53), and genes 

related to epigenetic processes (Ccnd1, Crem, Kdm4a, Spata2, Dnmt1). In general, we 

observed more alterations in expression of selected genes in animals exposed to the low 

dose of ZEA. In this group, we detected decreased expression of the Vegfa gene, which is 

specifically expressed in spermatogonial cells. We also detected decreased expression of 

several genes specific for spermatocytes – Sycp3, Ccna1, and Grth. Interestingly, in the 

group exposed to the higher dose of ZEA we did not observe any significant changes in the 

expression of the tested germ-cell specific genes. Regarding genes expressed in Sertoli 

cells, we noticed significantly decreased expression of the Sox9 gene in both groups and 
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also decreased expression of the Wt1 gene in the group exposed to the high dose. In the 

case of genes related to epigenetic processes, we observed decreased expression of genes 

for Ccnd1 and Dnmt1 in the animals exposed to the low dose of ZEA and decreased 

expression of genes for Ccnd1, Kdm4a and Spata2 in animals exposed to the high dose. 

 

We have shown that ZEA is able to negatively influence the sperm quality, mainly sperm 

concentration and morphology. Based on our results from gene expression analysis we 

assume that the most affected cells are spermatogonia and meiotic germ cells. In this 

study, animals exposed to the low ZEA concentration were affected markedly more than 

animals exposed to the high ZEA concentration. A similar observation was obtained in our 

study with bisphenol A, where a lower dose had a greater effect on sperm quality and the 

number of births in vivo (Peknicova et al., 2002). This phenomenon is often observed in 

endocrinology. Hormones operate in quite low concentrations, commonly below their 

dissociation constant. At these low concentrations, the receptor saturation appears to be 

most sensitive to the ligand concentration (the relationship is almost linear), while at 

higher concentrations of the ligand (hormone), we cannot apply the linear relationship 

between the ligand concentration and receptor saturation. This phenomenon is called 

inverted U dose response or non-monotonic dose response (Welshons et al., 2003). Also, 

it has been shown that at concentrations exceeding its physiological value, the ligand may 

bind to receptors for a different hormone and induce the response (Fox, 1975). Apparently 

different responses may therefore be observed depending on the hormone concentration. 

For example, proliferation of GH3 rat pituitary cells was observed at 0.001-0.01 nM 

concentration of 17β-estradiol, while at 0.1 nM concentration the hormone induced 

synthesis of prolactin (Amara and Dannies, 1983). It has also been shown that the same 

chemicals that stimulate growth of MCF7 cells at lower concentration can slow down 

MCF- 7 growth at higher concentrations. These examples indicate that different hormone 

concentrations may lead to the activation of different genes and subsequently induce 

different phenotypes. Too high concentrations of certain hormones can even lead to 

cytotoxicity that is not dependent on the presence of the receptor (Welshons et al., 2003). 
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4.3. Expression of spermatogenesis-related genes in specimens from testicular biopsies of 

infertile men who underwent TESE for the ICSI procedure. (Research paper 3.4.) 

Many couples in our population experience some form of infertility problems. Many of 

them search for medical assistance and use services of some of the centers of assisted 

reproduction. The causes of male infertility are often associated with lower sperm count – 

oligozoospermia, decreased motility – asthenozoospermia, morphology defects 

– teratozoospermia, or a combination of these defects.  A very serious defect is the 

absence of sperm in the ejaculate – azoospermia. Azoospermic patients still have the 

opportunity to father a child with the help of testicular sperm extraction (TESE) and ICSI 

(Mansour, 1998). At present, the only reliable and routinely used predictor of successful 

TESE is testicular histology. In this study, we used specimens from testicular biopsies of 

azoospermic patients who underwent TESE and we analyzed expression of selected genes. 

We assumed that this analysis could provide an additional approach to increase the 

prediction of successful TESE. 

Genes tested in this study were – GAPDH (expressed in somatic testicular cells and 

spermatogonia); MND1/GAJ and SPATA22 (expressed prior to meiotic division); GAPDHS 

and ACR (expressed in haploid spermatids). In total we analyzed 34 samples, out of which 

9 were diagnosed as Sertoli cell only (SCO); 12 as maturation arrest at spermatocyte stage 

(MA); 12 as hypospermatogenesis with a few spermatozoa present (HS) and one as 

obstructive azoospermia. In three samples from the HS group and in six samples from the 

MA group we detected no or low expression of the studied genes. In one sample from the 

HS group and two samples from the MA group we noticed expression of MND1 and 

SPATA22, but we did not detect any ACR or GAPDHS gene products. In the SCO group, in 

two samples we observed decreased expression of the tested genes, whereas in the 

remaining seven samples we noticed only residual presence of GAPDHS, ACR and SPATA22. 

In this study, the expression analysis of selected genes provided sensitive confirmation of 

histologically diagnosed SCO. Concerning MA and hypospermatogenesis, gene expression 

analysis could help determine in which stage the spermatogenesis arrest occurred and thus 

help assess the most suitable procedure for each patient.  
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5. Conclusion 

In the presented study, we focused on the effect of two endocrine disruptors (TBBPA and 

ZEA) on various male reproductive parameters using a mouse model. According to our 

results, these pollutants have a significant effect on spermatogenesis and can negatively 

influence the sperm quality. In the case of TBBPA we even observed a slight 

transgenerational effect which has been previously observed in some other endocrine 

disruptors (Anway and Skinner, 2008). In the case of ZEA, we observed a negative effect 

mainly on sperm parameters and expression of important testicular genes. We also noticed 

that the lower concentration of ZEA had a stronger effect than the high concentration. 

Many toxicological studies use high concentrations of the tested compounds and it is 

assumed that if high concentrations do not have any negative effect, the same is true for 

the low concentrations. Our as well as other studies have disproved this hypothesis, 

especially for compounds that can be hormonally active. 

 

Nevertheless, during our experiments we did not observe any significant effect on fertility 

of the exposed animals. However, we have to realize that humans and wildlife are exposed 

to thousands of various organic or synthetic compounds which can influence their health 

and/or fertility. With growing number of infertile couples and rapidly decreasing sperm 

quality reported from European and American countries, it is crucial to reveal compounds 

that are hazardous for our reproductive health and to eliminate their usage.  

 

The growing number of infertile couples is linked with higher demand for assisted 

reproductive technology (ART). At present, many techniques are available and it is 

important to choose the proper one for each patient. For this purpose there are diagnostic 

methods that help select the most suitable ART. In our study, we have shown that gene 

expression analysis could be an important additional tool for more precise and help to 

choose the best approach for each patient.  
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