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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.



Souhrn

Kazdy den je do naseho prostredi uvoliovdno ohromné mnoZstvi tzv. polutantu Zivotniho
prostiedi, které mohou negativné ovlivnit naSe zdravi. Nékteré z téchto sloucenin jsou
hormonalné aktivni latky (tzv. endokrinni disruptory), které mohou interferovat s nasim
hormonalnim systémem. Hormonalni systém ovliviuje spravnou funkci mnoha
fyziologickych procest a je jeden z nejdllezitéjSich regulacnich systéma v organismu.
I reprodukéni systém je do znacné miry regulovan rliznymi hormony a jejich spravna funkce
je zdsadni pro tvorbu gamet, oplodnéni a vyvoj embrya. Proto znecisténi Zivotniho
prostfedi je povazovano za jednu z moznych pficin zvySené neplodnosti v lidské populaci.
V nasich studiich jsme se proto rozhodli studovat vliv dvou endokrinnich disruptort

(tetrabrombisfenol A - TBBPA a zearalenon - ZEA) na samci reprodukéni systém mysi in vivo.

Podle nasich vysledkl je TBBPA schopen indukovat apoptdzu testikularnich bunék, stejné
jako zmény v expresi vybranych testikuldarnich gen(i a protaminaci spermii. Dale nase
vysledky naznacuji, Ze pfi kontinualni expozici TBBPA dochazi k akumulaci jeho negativniho
vlivu v dalsi generaci v zavislosti na tom, zda rodi¢e byli nebo nebyli ovlivnéni. Jednim
z moznych mechanism( trans-generacniho prenosu by mohly byt pozorované zmény

v protaminaci spermii.

Vysledky z nasi dalsi studie ukazaly, Ze ZEA ma negativni vliv na kvalitu spermii, zejména na
koncentraci a morfologii. Vysledky z analyzy genové exprese naznacuji, Ze mezi nejvice
ovlivnéné bunky patfi spermatogonie a meiotické zarodec¢né buriky. Nase vysledky rovnéz
ukazaly, Ze nizsi davka ZEA ma vyraznéjsi efekt na testované reprodukéni parametry nez

davka vysoka.

V nasi posledni studii jsme analyzovali expresi vybranych gen( ve vzorcich z testikularnich
biopsii pacientl s azoospermii, ktefi podstoupili TESE. Nase vysledky ukazuji, Ze analyza
genové exprese mlze byt uZiteCnou diagnostickou metodou, kterda pomuze k vybéru

nejvhodnéjsiho postupu pro kazdého pacienta.
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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



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 Al - 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 | 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 | is
followed by metaphase I, when the meiotic spindle is formed and spindle fibers are
attached to chromosome kinetochores. During anaphase |, 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).

= ® \ |eyidigcells

n- @ Myoid cells
Baz mina
°

—
Spermatogonia A, B

Mitosis

) O O Primary spermatocytes

2n

Meiosis 1

@) Secondary
‘ spermatocytes
Sertoli
cell Melas:s n
' Spermat:des

Spermiogenesis

Spermatozoa

Lumen

@

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.

Active transcription of genes for protamines,
transition proteins, and protems and RNAs
required for spermiogenesis

Incorporation of histone variants
Histone modifications (hyperacetylation,
ubiquitilation, ADP-nbosylation,...)
Chromatin remodelling factors

Action of topoisomerases

A
Marked h}pcmcdj;'lalinn of histones
Mucleosome disassembly
Massive bmding of transition proteins
Cessation of transeription
Repair of DNA breaks
Bmdmg of phosphorylated protamines begins
Transition
. Proteins

Protamines

Massive binding of phosphorylated protamines
Removal of transition proteins
e PrOtAmines

Crosshnking of cystemes in protamines
hosphorylation of protammes

Sperm maturation
in epididymis

=/
/"‘\_/—\_/‘ \__\ﬁ_/ . ~
Mature spermatozoa ~15% of sperm DNA  ~85% of sperm DNA in the form of a highly
retaining a compact nucleoprotamine complex
nucleosome structure
(telomeres)

Fig. 2. Diagram of histone to protamine transition during spermiogenesis (Oliva, 2006)

13



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.
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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 17B-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).

Hypothalamus

l GnRH

Anterior pituitary

feron

Inhibin

©

Sertoli cells Leyidig cells
Activin \ l

ABP [

Follistatin Testosteron

Spermatogenesis

Testis

Fig. 4. Scheme of hormonal control triggered by hypothalamo-pituitary-testis axis
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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). Sjodin 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 Ca?* concentration within these
cells in the 5-60 uM concentration range. In higher concentrations (18—60 uM), 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

a- and B-zearalenol (a-ZOL, B-ZOL). Zearalenone and its derivatives are able to bind to
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estrogen receptors (ER-a and ER-B) and induce an estrogenic response. ZEA affinity to ERs
is about 20 times lower than that of 17B-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 a-ZOL and B-ZOL are able to bind to ER and thus compete with natural
17B-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 a- and B-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 pg of ZEA at 5™-15™ 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 a-ZOL and
human chorionic gonadotropin. During this study authors also observed decreased
expression of 3B-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

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

morphology, sperm quality and expression of selected genes;

e 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;

e 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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was found in the environment and was detected even in the human body. The effect of this chemical
was observed in different cell lines in vitro and it is supposed that TBBPA may affect various hormonal
systems in vivo. In this study we examined the effect of TBBPA on the reproductive parameters of two
generations of outbred mice in vivo. Experimental and control animals of F1 generation were bred in
various conditions to enable evaluation of the possible trans-generational effect. An increased incidence
of apoptosis in the testes and changes in the morphometry of seminiferous tubules was detected in
the experimental animals. In addition, changes in the expression pattern of selected genes encoding
proteins that play an important role during spermatogenesis were observed. In contrast, sperm quality
and reproduction were not affected by TBBPA.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Every day, numerous environmental pollutants get into our
environment. These compounds, which are not naturally present
in nature, can harmfully influence wildlife and the human popula-
tion. Many of them can act as so-called endocrine disruptors which
can disturb the physiologic function of endogenous hormones [1].
Frequently, they act as weak oestrogenic, antioestrogenic or antian-
drogenic compounds, and it has been shown that they can affect
both male and female reproductive development and function
[2-5].

An inherent group of these compounds is represented by flame
retardants. The most important and widely used group of flame
retardants are brominated flame retardants (BFRs) [6]. Their pro-
duction is steadily increasing [7]. Due to their structure and
bromide substituents, many of BFRs are persistent, lipophilic and
have been shown to bioaccumulate [8,9]. They were found in the
environment far away from their place of use [10-12]. Due to these
facts, BFRs have become a cause for concern as potential endocrine
disruptors.

* Corresponding author. Tel.: +420 241 062 642; fax: +420 244 471 707.
E-mail address: jana.peknicova@img.cas.cz (J. Peknicova).

0890-6238/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.reprotox.2012.05.095
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Among many BFRs, there are four groups with the high-
est consumption; these are polybrominated biphenyl ethers,
hexabromocyklododecane, polybrominated biphenyls and tetra-
bromobisphenol A (TBBPA) [13]. Tetrabromobisphenol A with its
global consumption of 210,000 tonnes per year is a widely used BFR
[7], and was therefore selected for this study. The primary use of
TBBPA is as a reactive flame retardant in epoxy and polycarbonate
resins that are used in the production of circuit boards. About 10% of
TBBPA has additive applications in several types of polymers [14].
When used as a reactive component, TBBPA is incorporated into
the structure of the polymer and is hard to release. However, when
used as an additive component, TBBPA is not part of the polymer
structure and can be released more easily [6]. Nevertheless, both
forms have been shown to distribute TBBPA and its derivates into
their surroundings [15,16].

TBBPA has been observed in several localizations in the envi-
ronment. The most common sources of emission are effluents from
factories producing BFRs [16]. TBBPA has also been found in river
and marine sediments in Japan [17] and sewage sludge in Sweden
and Canada [16,18]. It has been detected even in air and dust sam-
ples, for example in the indoor air of electronic recycling plants
and in other work environments [19]. TBBPA was detected in the
air and dust of two houses in Japan and it was proven that it is
preferentially adsorptive to dust [20]. TBBPA was also found in the
interior dust of a television cabinet [21]. It is likely that dust plays
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animportant role in human exposure to TBBPA, which confirms the
findings of Jakobsson et al. [22], who investigated a group of com-
puter technicians and detected TBBPA in 8 out of 10 blood samples.
TBBPA can also be transported through the placenta to the foetus
and has been found in the umbilical blood of humans [23].

The effects of TBBPA on the organism could be miscellaneous. It
was shown that TBBPA can bind strongly to the thyroid hormone
transport protein - transthyretrin (TTR) in vitro with an even higher
affinity than thyroxin [24]. The function of TTR is to transfer thy-
roxin and vitamin A. TBBPA was also observed to inhibit the binding
of triiodthyronine to the thyroid hormone receptor and stimulate
proliferation of GH3 cells (TH-dependent pituitary cell line) [25,26].
Kitamura et al. [27] reported that TBBPA disrupts amphibian meta-
morphosis, which is stimulated by thyroid hormone. Beside the
thyroid hormone system, even the oestrogen hormone system can
be affected by TBBPA. It was shown that TBBPA or its metabolites
can bind to an oestrogen receptor in vitro [28] and induce prolif-
eration of oestrogen-dependent MCF-7 cells [29,30] or Mit/E2 cells
[25].

Not much is known about the effect of TBBPA on the mam-
malian reproduction system in vivo. The study of Van der Ven et al.
[31] performed on Wistar rats confirmed that TBBPA can interact
with the thyroid hormonal system in vivo. During this experiment,
the levels of circulating thyroxin, one of thyroid hormone forms,
were found to be decreased. TBBPA could thus negatively influ-
ence development of the offspring because the normal level of the
thyroid hormone is essential for foetal and neonatal development.
Rats exposed to TBBPA also displayed increased gonad weight and
plasma levels of testosterone in F1 males. These observations sug-
gest that TBBPA could affect the androgen hormonal system as well
[31]. Taken together, the findings indicate that TBBPA can nega-
tively affect the entire mammalian reproduction system. Also its
structural similarity to endocrine disruptor bisphenol A, which has
been shown to negatively influence the mouse reproductive sys-
tem [3], suggests its similar effects. In view of these concerns, we
decided to perform a multigenerational reproductive-toxicological
study to assess the effect of TBBPA on the reproductive parameters
of mice during long-term exposure. This study is focused on the
evaluation of male gonadal pathology, sperm quality and expres-
sion of selected genes aimed to assess how TBBPA may affect the
male reproductive parameters.

2. Materials and methods
2.1. Animals and treatment

For our experiment we used the CD1 outbred mice strain (An Lab Ltd.,
Prague, Czech Republic) with high heterozygosity and an average litter size
(12-13 pups/litter). Mice (experimental and control groups) were kept under stan-
dard experimental conditions (constant temperature (23-24°C), humidity (60 & 5%)
and 12-hour-light regime) in the breeding facility of the Institute of Molecular
Genetics, v. v. i, Prague. Animals were fed by soy-free feed (Ssniff, Soest, Germany).
This type of food was used to avoid any additional influence on the animals by phyto-
oestrogen (genistein), which is present in soy. The diet and water were administered
ad libitum and all stress factors were reduced to a minimum. Experimental groups
were treated with a low dose of TBBPA (Fig. 1), (Sigma, Prague, Czech Republic),
which was dissolved in drinking water. The concentration of TBBPA in water was
200 p.g/l. The daily dose of water consumed by the mice was calculated (5ml/day)
to expose them to 1 g of TBBPA/mouse/day, which is equivalent to 35 pg/kg. In our
experiment, the following groups were evaluated: parental animals were bred to
form F1 generation. In the parental generation, control animals were not exposed
to TBBPA, and in the experimental group only females were exposed during gesta-
tion. In 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 adulthood. In group C, the
pups were not exposed to TBBPA at all. F1 generation animals were bred up to the
age of 70 days as follows - mother and father from group € formed the group CC;
both parents from group T formed group TT (interbreeding), mother from group C
and father from group T formed by outcrossing group CT and mother from group T
and father from group C formed by reverse outcrossing group TC. Pups of F2 gener-
ation were exposed to TBBPA only in groups TC and TT (group TC was not exposed
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to TBBA) (Fig. 1). Animals were killed at the age of 70 days and subjected to analysis.
In each group 20 animals were analyzed.

2.2. Anogenital distance, body and organ weight

Animals in the control and experimental groups were killed at the same age
of 70 days. Anogenital distance (AGD) and body weight were measured and the
reproductive organs were dissected and weighed. Left and right testes, epididymis,
seminal vesicles and prostate were separated, cleaned and weighed individually.

2.3. Preparation of cells

Spermatozoa were obtained from proximal fifth of the left and right cauda epi-
didymis and released to 100 .l of warmed (37 °C) PBS (phosphate-buffered saline)
each for 10-15min at 37 °C. The concentration of spermatozoa was evaluated in a
haemocytometer chamber under 100x magnification. Part of the epididymal sper-
matozoa were taken for assessing viability, morphology and apoptotic stage. The
rest of the suspension was washed twice in PBS, centrifuged for 15min at 200 x g
and smeared onto glass slides for immunocytochemical analysis. Two hundred cells
(sperm) were evaluated on every glass slide; number of analyzed animals in each
group was 20.

2.4. Sperm morphology and viability

To assess the morphological state of spermatozoa, 10 pl of sperm cell suspension
was placed onto a glass slide, fixed at 37 °C and labelled according to the protocol
using Spermac Stain System (Ferti Pro, Beernem, Belgium), Another method used
for evaluation of the sperm morphological status was indirect immunofluorescence
with specific monoclonal antibodies (Hs-8 and Hs-14) against intra-acrosomal pro-
teins (see lower). Antibodies against intra-acrosomal proteins in combination with
nuclei staining allow assessment of the morphology of sperm head and acrosome
under the fluorescence microscope [32,33). To determine the viability of epididy-
mal spermatozoa a Live/Dead sperm viability kit was used (Invitrogen, Eugene, USA)
according to the laboratory manual. After incubation, 10 pl of suspension was placed
onto a glass slide and evaluated under a Nikon Eclipse E400 fluorescence microscope
using a 40x Nikon Plan Fluor 40/0.75.

2.5. Indirect immunofluorescence

Monoclonal antibodies against intra-acrosomal proteins (Hs-8 and Hs-14) pre-
pared in our laboratory are routinely used to test the acrosome state [32,33].
Epididymal spermatozoa loaded on glass slides were fixed for 10 min with acetone.
After rinsing with PBS, the slides were incubated overnight at 4 “C with monoclonal
antibodies (diluted to an immunoglobulin concentration of 20 pg/ml). After thor-
ough washing with PBS, the smears were incubated with anti-mouse IgM (j.-chain
specific) fluorescein isothiocyanate (FITC) conjugate (Sigma, Prague, Czech Repub-
lic), diluted 1:128 in PBS and incubated for 60 min at 37°C, washed with PBS and
distilled water and mounted in Vectashield H-1200 DAPI (Vector Laboratories Inc.,
Burlingame, CA). The Annexin V-FITC apoptosis detection kit (Sigma, Prague, Czech
Republic) was applied for detection of the sperm damage according to laboratory
instructions. Samples were examined with a Nikon Eclipse E400 fluorescent micro-
scope equipped with a Nikon Plan Apo VC 60/1.40 oil objective and photographed
witha CCD 1300-VDS camera (Vosskiihler GmbH, Osnabriick, Germany) with the aid
of the NIS-ELEMENTS Ar imaging software (Laboratory Imaging Ltd., Prague, Czech
Republic).

2.6. Histological analysis and tissue morphometry

The right testis was fixed in 4% formaldehyde in PBS. The standard
paraffin-embedded 2-3 pm thick tissue sections were prepared and stained by
haematoxylin-eosin staining. Tissue specimens were evaluated under a light
microscope. In all specimens, 100 seminiferous tubules were analyzed by computer-
assisted morphometry. The thickness of the germinal epithelium and diameter of
the seminiferous tubules were measured. The results were statistically evaluated.

2.7. TUNEL analysis

The number of apoptotic cells in tissue sections of the control and experimental
animals was detected by terminal deoxynucleotidyl transferase-mediated dUTP nick
end labelling (TUNEL), using an in situ detection kit (Promega, Madison, USA)accord-
ing to the manufacturer's instruction. In brief, a paraffin-embedded tissue section
was rehydrated in water, fixed in 4% formaldehyde, incubated in proteinase K solu-
tion (20 pg/ml) for 5min, washed 2x in PBS, incubated for 10 min in equilibration
buffer and finally exposed for 60 min to the labelling buffer containing both FITC-
labelled dUTP and terminal deoxynucleotidyl transferase (control samples without
terminal deoxynucleotidyl transferase or treated with DNase were also prepared).
Before examination, TUNEL-labelled samples were washed in SCC (saline-sodium
citrate buffer) and in water, mounted by Vectashield with DAPI dye to visualize the
nuclei. Specimens were evaluated under a fluorescent microscope. In all specimens,
the number of TUNEL positive cells in 20 cross-sectioned seminiferous tubules was
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Fig. 1. Breeding diagram. Animals in parental generation were bred to form the F1 generation consisting of two groups (C; T). In group C, born pups were not affected by
TBBPA. In group T, the pups were exposed to TBBPA in utero and postnatally. Animals of the F1 generation were bred to the age of 70 days as follows — mother and father from
the group C formed group CC of the F2 generation; both parents from group T formed group TT (interbreeding), mother from group C and father from group T by outcrossing
formed group CT and mother from group T and father from group C formed by reverse outcrossing group TC Pups born in the F2 generation were exposed to TBBPA only in

groups TC and TT.

counted. Differences between the number of TUNEL-positive cells in the control and
experimental samples were statistically analyzed.

2.8. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

First, total RNA was extracted from the testicular tissue, ATri-Reagent kit (Sigma,
Prague, Czech Republic) was used for RNA isolation. RNA was isolated from the left
testes of CD1 mice, 1 ml of Tri Reagent was added, and the samples were then pro-
cessed according to manufacturer's instructions. Isolated RNA was stored at —70°C.
The RNA quality and purity was measured spectrophotometrically in a spectropho-
tometer Helios « (Thermo Electron Corporation, Marietta, USA). The synthesis of
cDNA was done using 5 p.g of purified RNA with addition of 1 I DNase I (Invitro-
gen, Carlsbad, USA), 1 il DNase [ reaction buffer (Fermentas, Burlington, Canada)
and H;O to reach a volume of 10 I, This mixture was incubated for 30 min at 37 °C
in a Touchgene Gradient Thermal Cycler (Techne, Burlington, USA). After incuba-
tion, 1 ul EDTA (Fermentas) was added and the mixture was further incubated at
65°C for 10 min. 30 pl of the reaction mixture (8 pl of reaction buffer for M-MuLV
reverse transcriptase (Fermentas, Burlington, Canada), 5 ul 10 mM 4dNTP (Fermen-
tas, Burlington, Canada), 0.3 pl RiboLock inhibitor (Fermentas, Burlington, Canada),
1 pl oligo (dT)+random primers (Promega, Madison, USA) and 15.2 ul H,0) was
then added to the samples. The mixture was incubated for 60 min at 42 °C followed
by 10 min at 70 °C and in the end was maintained at 4 “C. Obtained cDNA was stored
at —20°C. For RT-qPCR - 5x diluted cDNA was used. Used primers are summarized
in Table 1. RT-qPCR reaction was carried out in PCR strips (BioRad, Prague, Czech
Republic) and all work was performed in a sterile PCR box (Biosan, Riga, Latvia).
For each reaction 2 pul 5x diluted cDNA, 10 .l SYBR Green Master Mix (Fermentas),
0.5 pl primer and 7 pl HoO was used. All reactions were performed in duplets in a
PCR cycler (Eppendorf, Prague, Czech Republic). The relative amount of mRNA in
each sample was calculated from the measured CT values. The control was set at
100% and experimental samples were compared to the control (samples from the
F1 generation were compared to the group C and samples from the F2 generation
were compared to the group CC). The expression of the gene for peptidylprolyl iso-
merase A (PPIA) was used to normalize the measured values. The tested genes and
primer sequences are summarized in Table 1. Number of analyzed animals in each
group was 12 and for each group were performed 12 RT/qPCR reaction.

2.9. Statistical analysis

Statistical analysis was performed in STATISTICA 7.0 (StatSoft, Prague, Czech
Republic). The number of offspring in the first generation was analyzed by the
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Mann-Whitney U-test. For analysis of the second generation the Kruskal-Wallis
ANOVA test was used. Post hoc analysis in the second generation was done by using
MCMR. The weight of the body and organs was compared using the analysis of
variance (ANOVA), post hoc analysis was performed using the Newman-Keuls test.
The weights of individual organs were compared using the analysis of covariance
(ANCOVA) and the body weight was used as a covariate, Data obtained from sperm
analysis and TUNEL method was analyzed using the Kruskal-Wallis ANOVA; post
hoc analysis was performed again using MCMR. Differences in gene expression were
analyzed by ANOVA; post hoc analysis was performed using the Newman-Keuls
test, A P-value lower than 0,05 was identified as statistically significant, *P<0.05,
**P<0.01, ***P<0.001.

3. Results
3.1. Number of progeny; body and organ weight

During the developmental period male mice were exposed
to TBBPA (during gestation, lactation, pre-pubertal and pubertal
period, and up to adulthood). To evaluate the effect of TBBPA on
the male reproductive tract the body and organ weight, number and
sex ratio of progeny and anogenital distance (AGD) were measured.
Individuals from group T (see Section 2.1) were compared with the
control animals from group C - F1 generation. Animals from the
experimental groups of the F2 generation (CT, TC, and TT) were also
compared with the control animals (CC) from the F2 generation.
This procedure was used in all subsequent measurements.

TBBPA has no effect on the number of progeny and sex ratio in
both generations. AGD and body weight were not affected in both
generations as well. In the group TT of F2 generation, significantly
reduced testicular weight was observed. In this group, increased
weight of the prostate and seminal vesicles was also noticed. The
weight of epididymis in animals from group CT of the F2 generation
was also significantly increased. All measured values are summa-
rized in Table 2.
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Table 1
Primer sequences.
Genes Accession no. Nucleotide sequence Size of PCR product (bp)
Acr NC_.000081.5 5'-cacgtgtggacctcattgac-3' 248
5'-gtagtcccaggtggetgtgt-37
Ar NM_013476.3 5'-ggaccatgttttacccatcg-3’ 171
5'-tcgtttctgetggeacatag-3'
Apg-1 NM_011020.3 5'-gtcagaccttceectgaaca-3' 215
5'-gctecttgactgeaggaatc-3°
Hsp60 NM.010477.4 5'-cttcaggggttgtcacaggt-3' 137
5'-atctattgccaaggaggget-3'
Hsc70t NM.013558.2 5'-cctgaccaaggaggagattg-3' 153
5'-tccttcagaccctcatcace-3"
Hsp70-2 NM.008301.4 5'-gcgectcacccaactagata-3' 145
5'-gatctccaccttgecatgtt-3
Bax NC_000073.5 5'-caacttcaactggggeegeg-3' 150
5'-tggatccagacaagcageege-3
Bcl-2 NC_000067.5 5'-cagggatgtcacccctggtgg-3’ 104
5'-aggcatcccagectecgttatce-3°
Sox9 NM.011448.4 5'-gctggaagtcggagagecgaga-3’ 147
5'-agagaacgaaaccggggccac-3'
PPIA NC_.000077.5 5'-agctctgageactggagaga-3” 158
5'-gccaggacctgtatgettta-3'
Table 2

Effect of TBBPA on body and organ parameters in CD1 mice. Number of analyzed animals in each group (n) was 20.

Groups n AGD (cm) Body weight (g) Testes (mg) Prostate (mg) Seminal vesicles (mg) Epididymis (mg)
C 20 1.32 £ 0.18 29.39 + 3.11 216.65 + 47.01 101.65 + 23.65 194.76 + 34.78 7241 £ 12.15
T 20 1.26 + 0.13 31.44 + 2.77 224.53 + 23.59 112.53 + 22.74 208.93 + 40.90 76.73 + 9.02
CcC 20 139 +0.18 3132 £ 1.54 223.25 + 26.86 110.88 + 25.05 193.19 + 36.61 70.38 + 5.82
cT 20 1.29 £ 0.18 30.22 £ 3.58 218.27 £ 29.72 113.47 + 30.59 204.27 £+ 42.04 73.93 + 8217
TC 20 1.32 + 0.08 30.71 + 1.81 22133 +£ 1794 106.00 + 42.78 216.44 + 17.68 7256 + 7.37
T 20 1.37 £ 0.18 31.47 + 3.88 203.27 + 28.24° 127.13 + 24.28’ 232.25 + 33.79" 7213 £7.32
Mean +SD.
' P<0.05.
“ P<0.01.
Table 3

Effect of TBBPA on sperm parameters of CD1 mice treated with TBBPA. The sperm state was analyzed by monoclonal antibodies against intra-acrosomal sperm proteins
(pHs-14; pHs-8), Hoechst 33342 and Annexin V kits. The mixture of sperm suspension was smeared onto glass slides for immunocytochemical analysis. Two hundred cells
(sperm) were evaluated on every glass slide; number of analyzed animals in each group (n) was 20.

Groups n Sperm morphology Sperm viability (% Annexin V (% of HS-14 (% of acrosome HS-8 (% of acrosome
(% of normal cells) of live cells) positive cells) positive cells) positive cells)

C 20 92.88 + 2.74 90.24 + 3.01 51.94 + 10.28 61.53 + 7.65 57.18 + 543

T 20 92.70 + 5.09 89.13 + 2.36 49.67 + 11.08 63.13 + 7.77 59.47 + 7.03

CcC 20 89.87 + 2.24 89.68 + 1.77 51.06 + 9.01 61.87 + 2.41 57.18 + 1.68

CcT 20 89.06 + 2.77 89.69 + 2.33 50.13 + 14.15 61.81 £ 7.52 55.81 + 3.15

TC 20 88.44 + 3.13 89.89 + 1.17 59.89 + 10.56 64.56 + 2.40 55.00 + 3.04

T 20 90.27 + 1.98 90.33 + 1.91 43.67 + 9.80 52.60 + 4.07 55.00 + 3.00

Mean +SD.

3.2. Sperm parameters

To assess the effect of TBBPA on sperm quality, the sperm mor-
phology, viability and state of acrosome were evaluated. In all
groups about 90% of morphologically normal sperm was observed,
and the differences between groups were minimal. A similar
pattern was observed when evaluating the sperm viability. The
apoptotic stage of spermatozoa was assessed by Annexin V. In all
groups, similar numbers of Annexin-positive cells were obtained by
measurements. Inanimals from group TC of F2 generation, a slightly
increased number of Annexin-positive cells was noticed, but this
value did not reach significant levels. The state of the acrosome
was tested with monoclonal antibodies HS-8 and HS-14. Acrosome
staining was comparable in all groups of both generations. Data are
summarized in Table 3.
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3.3. Histology of testes

Histological analysis was performed using testis paraffin sec-
tions. Morphology of seminiferous tubules and the process of
spermatogenesis were evaluated visually under the microscope.
In experimental groups no pathological patterns in morphology of
seminiferous tubules were observed compared to the control. Also,
the process of spermatogenesis was not interrupted. For all groups
in both generations, spermatogonia, spermatocytes and prolonged
spermatocytes released into the lumen of seminiferous tubules
were visible (Fig. 2).

However, morphometrical analysis revealed changes in other
histological parameters. Epithelial thickness and tubule diameter
were analyzed. Whereas the diameter of the seminiferous tubule
did not show any significant changes, the seminiferous epithelium
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Fig. 2. Histological analysis of the testes from control and experimental animals. Paraffin sections were placed onto glass slides and stained by eosin (cytoplasm) and
haematoxylin Harris (nucleus). Histological samples were analyzed under the microscope. Normal morphology and the process of spermatogenesis were observed in all

experimental groups and compared to the control groups. Magnification 600 x.

Table 4

Morphometrical and TUNEL analysis of seminiferous tubules. Testis paraffin sections were placed onto glass slides, where epithelial thickness as well as tubule diameters
were measured and TUNEL analysis was performed. In all specimens, the thickness of the germinal epithelium and diameter of the 100 seminiferous tubules were analyzed
and the number of TUNEL positive cells in 20 cross-sectioned seminiferous tubules was counted; number of analyzed animals in each group (n) was 20.

Groups n Epithelial thickness (pm) Tubule diameter (p.m) Number of TUNEL positive cells
C 20 61.8 + 3.61 22554123 25.65 + 1.62
T 20 57.3 + 4.61° 2144 £ 115 4227 + 6.10"
CcC 20 59.5 + 3.05 2156 + 174 24,67 + 1.37
CcT 20 58.0 + 3.56 220.1 +23.7 26.00 + 3.22
TC 20 56.1 + 3.13 219.7 + 23.44 31.00 + 2.10”
T 20 56.4 + 3.22' 218.1 +21.3 30.50 + 2.81"
Mean +SD.
" P<0.05.
“ P<0.01.

was significantly lower in groups T (F1 generation) and TC; TT (F2
generation). Results are summarized in Table 4.

3.4. TUNEL analysis

To determine the number of apoptotic cells in the testes the
TUNEL analysis of testis paraffin sections was performed. The high-
est increase of apoptotic cells in the testes was observed in group
T of the F1 generation, where the number of apoptotic cells was
almost two times higher in comparison to the control group. The
increased number of apoptotic cells was also observed in groups TT
and TC of the F2 generation, where about 25% more TUNEL-positive
cells was measured compared to the control group (Table 4).

3.5. Real time PCR of testicular genes

Genetic analysis was performed by the quantitative Reverse
Transcription Polymerase Chain Reaction (RT-qPCR) with primers
for the genes of acrosomal proteins, androgen-responsive genes,
heat shock protein (Hsp) genes, genes encoding proteins respon-
sible for the regulation of apoptosis and a Sertoli cell-specific
gene. The acrosome-specific gene tested was proacrosin (Acr). The
androgen receptor (Ar) gene was selected as a member of the
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androgen-responsive genes. Genes tested for heat shock proteins
were Hsp70-2, Hsc70t, Hsp60, and APG-1. The genes selected for
their relation to apoptosis were Bcl-2 and Bax and the Sertoli cell-
specific gene tested was Sox9 (Table 5). The Acr gene expression
was comparable in all groups in both generations. No signifi-
cant changes of gene expression for the androgen receptor were
observed among the males of F1 generation. Contrary to that, the
groups TC and TT had significantly reduced (P<0.001) expression
of this gene by about 20% compared with the control.

Our experiments showed relatively large changes in the expres-
sion of selected heat shock protein-encoding genes, with the
exception of heat shock protein APG-1. The level of gene expression
of APG-1 did not show any significant changes between the exper-
imental and control groups. In contrast, a significantly reduced
expression of the gene for Hsp70-2 in both generations (P<0.001)
was observed. The most reduced expression of this gene was
observed in groups T of the F1 generation and TT of the F2 gener-
ation, reaching half the values compared with the control groups.
A comparable pattern was observed for the Hsp60 gene, where the
expression was significantly reduced in all experimental groups,
both in F1 and in F2 generations (P<0.001). Reduced expression
was most apparent in the group T of the F1 generation and groups
TC and TT of the F2 generation, where it reached nearly half the



Table 5

Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) analysis of testicular acrosome-, androgen-, heat shock- and apoptosis-related genes. In this study, genes for proacrosin (Acr), androgen receptor (Ar),

heat shock proteins - Apg-1, Hsp70-2, Hsp60 and Hsc70t, apoptosis-related genes such as Bax and Bcl-2 and Sertoli cell-specific gene Sox9 were tested. The table illustrates relative expression of the selected genes. Control groups

represent 100% and the percentage in the experimental groups represents the ratio of gene expression between the treated groups (T, CT, TC, TT) and the control groups (C, CC). Number of analyzed animals in each group was 12

(nb) and for each group were performed 12 RT/qPCR reaction (nt).

Hsp60 (%) Hsc70t (%) Bax (%) Bcl-2 (%) Sox9 (%)

Hsp70-2 (%)

Ar (%) APG-1(%)

nb/nt Acr (%)

Groups

100.0 + 10.6

100.0 £ 115 100.0 £ 12.2

100.0 + 12.6
142.7 £ 135"

100.0 + 6.6 100.0 + 7.2 100.0 + 8.11 100.0 + 8.2
100.0 + 124

100.0 + 113

455+ 75"
100.0 + 20.3

60.3 +9.1°
100.0 £ 11.1

1447 £ 106~
1000 = 11.5

60.7 + 69"
100.0 + 112

542 +74"
100.0 £ 9.8

853 +12.6
1000 +79

1100 + 6.2
100.0 + 6.4

96.3 + 12.5
100.0 + 115

cC

72+ 647

792 84"
59.7 + 89"
515817

93.1 £ 15.11

91.0 £ 122
825+ 9.1°
71.8 £ 94"

108.5 £ 133
1288 = 8.1

102.0 £+ 14.2
1405 + 7.6”

107.8 £13.9
116.8 + 10.3
915+ 64

948 + 5.1

963 +11.7
108.8 + 11.7

53.6 + 1317
386+ 32"

59.8 + 10.8~

743+ 79"

TC

1348 + 95

145.8 + 14.8"

56.6 + 10.8"

857+ 69"

893 £ 102
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Mean £ SD.

' P<0.05.
" P<0.01.
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values compared with the control group. The expression level for
Hsc70t was higher in group T of the F1 generation and groups TC, TT
of the F2 generation (P<0.001). The highest increase in expression
was observed in groups T (F1 generation) and TT (F2 generation),
where they reached almost 50% higher values than they did in the
control group.

A differential expression pattern was also observed in genes
encoding apoptotic genes Bax and Bcl-2. The most increased gene
expression of Bax was observed in group T (F1 generation) and
groups TC, TT (F2 generation), where 40% and 30% higher expression
compared with the control group was detected. In contrast, low lev-
els of expression were observed in the case of anti-apoptotic gene
Bcl-2. Significantly reduced expression was detected in group T (F1
generation) (P<0.001) and groups TC (P<0.05), TT (P<0.001) (F2
generation). The highest decrease in gene expression was observed
in group T of the F1 generation, where the expression level was
reduced by 40% compared with the control group.

The expression of Sertoli cell-specific gene Sox 9 was signifi-
cantly decreased in the experimental groups, particularly in group
T of F1 generation (P<0.001) and groups TC and TT of F2 generation
(P<0.001) (Table 5).

4. Discussion

In this study we tested the effect of TBBPA on the reproduction
parameters of CD1 mice. We nalyzed the following parameters:
the numbers of progeny, body and organ weight, anogenital dis-
tance, sperm quality, histopathology of testes, apoptotic stage of
testicular cells and activity of selected genes (acrosomal, androgen-
responsive, heat shock and apoptotic genes). For our experiment,
we used the CD1 outbred mice strain, because it simulates the
human population more closely than inbred strains given its high
heterozygosity. Experimental mice were exposed to the long-term
effects of TBBPA. The substance was administered dissolved in
water at a concentration of 200 p.g/l.

Previous studies have shown that TBBPA can affect the thyroid
hormonal system, mainly by binding to thyroid hormone transport
protein - transthyretin [24-26]. Also the oestrogenic hormone sys-
tem can be potentially affected by TBBPA. It was demonstrated that
TBBPA is capable of binding the oestrogen receptor in vitro [28].
TBBPA can also induce apoptosis of TM4 Sertoli cells in vitro [34],
but little is known about its effect on the reproductive parameters
in vivo.

Our histological analysis showed no visible abnormalities or
pathological changes in the morphology of seminiferous tubules
of experimental animals (Fig. 1.). However, TUNEL analysis of his-
tological sections of the testes showed a significantly increased
number of apoptotic cells in the testes of experimental animals in
groups T (F1 generation) and TC, TT (F2 generation) (Table 4). Mice
in these groups also displayed significantly increased expression of
the gene for pro-apoptotic protein Bax and decreased expression of
the gene for anti-apoptotic protein Bcl-2 (Table 5). Proteins Bax and
Bcl-2 play a key role in the activation of cell apoptosis. Anti-apototic
protein Bcl-2 is located on the outer mitochondrial membrane and
binds to the pro-apoptotic protein Bax. If this bond is not present,
protein Bax becomes active and forms a homo-oligomeric channel,
allowing an influx of ions into the mitochondria and thus initiat-
ing the activation of the apoptotic process. Therefore, unbalanced
expression of these proteins could lead to the induction of apoptosis
[35].

The groups in which an increased number of apoptotic cells was
detected also had a significantly decreased expression of the Hsp60
gene (Table 5). Hsp60 is a mitochondrial protein that serves as a
chaperone of the newly imported proteins and also helps trans-
port proteins into the mitochondrial matrix and intra-membrane
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space. The Hsp60 function is essential for the proper functioning of
mitochondria [36,37].

Morphometrical analysis revealed significantly thinner semi-
niferous epithelium in groups T (F1 generation) and TC, TT (F2
generation) (Table 5). This may be a result of an increased inci-
dence of apoptosis in the testis of mice in these groups. According
to the study of Ogunbayo et al. [34], who showed that TBBPA is able
to induce apoptosis in Sertoli cells, we assume that the apoptosis
of Sertoli cells is the main cause of the decrease of thickness of
the seminiferous epithelium. To support this hypothesis of TBBPA
affecting Sertoli cells, we analyzed the expression of the nuclear
transcription factor Sox9 gene. Sox9 is preferentially expressed in
Sertoli cells and can serve as a marker of Sertoli cells. We detected
decreased expression of the Sox 9 gene in groups T (F1 generation)
and TC; TT (F2 generation), the same groups in which we detected
the increased incidence of apoptosis in the testes.

Based on our results we can assume that the increase of apo-
ptosis in the testes of groups T (F1 generation) and TC, TT (F2
generation) was caused by damage or malfunction of the mitochon-
dria. This hypothesis is supported by the results of Ogunbayo et al.
[34], who demonstrated that TBBPA causes dramatic changes in
the mitochondrial membrane potential and subsequently the apo-
ptosis of TM4 Sertoli cells in vitro. It is likely that changes in the
mitochondrial membrane potential induce the release of various
pro-apoptotic factors and subsequently induce programmed cell
death in these cells in vitro [38].

In all experimental groups of F1 and F2 generations we observed
decreased expression of the gene for Hsp70-2 (Table 5). Hsp70-2
is expressed during the meiotic phase of spermatogenesis, mainly
in the pachytene spermatocytes [39]. It has been shown that the
lack of expression of this gene causes disruption of spermatoge-
nesis and induces apoptosis of spermatogenic meiotic cells [40].
Widlack et al. [41] showed that constitutive expression of active
HSF1 leads to the induction of caspase-3-dependent apoptosis, and
among others, down-regulation of Hsp70-2. HSF1 is the primary
transcription factor responsible for the response to various forms
of cellular stress and its constitutive expression in cells simulates
exposure to permanent stress [42]. This indicates that TBBPA could
cause stress conditions in spermatogenic cells that could lead to a
decrease in the expression of Hsp70-2, which in turn could con-
tribute to an increased number of apoptotic cells in the testes of
experimental animals.

We also detected the expression of Hsc70t gene. Hsc70t is
expressed specifically in the testes during the post-meiotic stages
of spermatogenesis with the highest incidence in elongating sper-
matids [43]. It has been shown that the lack of this protein causes
rapid loss of sperm motility [44], but its exact function is not yet
known. In groups T (F1 generation) and TC, TT (F2 generation) we
observed increased expression of this gene (Table 5). This again
could be induced by stress, as a result of the exposure of experi-
mental animals to TBBPA.

Another gene detected was proacrosin (Acr). Proacrosin is one
of the main acrosomal proteins that becomes active during the
acrosome reaction and binds to the glycoproteins of zona pellu-
cida [45]. This gene was selected as a marker of acrosomal damage.
The expression of this gene was comparable in all groups in both
generations (Table 5). Data obtained from immunocytochemistry
using specific antibodies against intra-acrosomal proteins (Hs-14
and Hs-8) did not reveal any damage to the acrosome (Table 3). It
can therefore be assumed that TBBPA has no negative influence on
the development and function of the sperm acrosome.

The expression of the gene for androgen receptor (Ar) in groups
TC and TT (F2 generation) was reduced (Table 5). Ar is a nuclear
receptor that becomes active after the binding of its ligand (natural
ligands - testosterone and dihydrotestosterone). After its activa-
tion Ar is translocated to the nucleus where it functions as a
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transcriptional factor and activates transcription of androgen-
dependent genes. The reduced expression of the Ar gene was also
observed in CD1 mice affected by anti-androgen vinclozoline [2] or
in rats affected by flutamide (anti-androgen drug administered to
treat cancer) [46]. It can therefore be assumed that TBBPA could
have a weak anti-androgen effect, which was apparent in the sec-
ond generation of the experimental animals.

The groups most affected by TBBPA were T (F1 generation) and
TT(F2 generation). In the second generation, the influence of TBBPA
had a stronger effect than in the first generation. The reproductive
organs of group TT displayed lower weight compared to the control
and also decreased expression of the gene for androgen receptor up
to the second generation.

Differing expression of the selected genes and increased apo-
ptosis in the testes was detected in group TC (F2 generation).
However, this group was affected less than group TT (F2 gen-
eration). We may thus assume that for the TBBPA activity it is
important whether the parents were affected or not. This hypoth-
esis is supported by the finding that changes in gene expression
were observed even in group CT (F2 generation), where only the
father was exposed to TBBPA (neither mother nor offspring were
exposed to TBBPA). It thus seems that certain effects of TBBPA can
be transmitted to the next generation. One possible route of such
transfer may be epigenetic changes. It is hypothesized that expo-
sure to environmental pollutants may induce epigenetic changes.
These changes do not involve changes in the DNA sequence but may
cause changes in gene expression and be transmitted to the next
generations. This hypothesis was strongly supported by the study
of Stouder and Paolini-Giacobino [47], who showed that endocrine
disruptor vinclozoline is able to induce epigenetic changes. In
their study administration of vinclozoline to pregnant female mice
induced alterations in the imprinting of five paternally/maternally
imprinted genes in the sperm of the offspring. Another study
showed an association between imprinting errors and male infertil-
ity, specifically azoospermia [48]. Association between methylation
defects and infertility itself was suggested in other studies as well
[49-51]. These findings indicate that the possible mechanism of
effect of environmental pollutants and the mechanism by which
this effect is transmitted to the next generations could be via epi-
genetic changes. However, to be confirmed, this hypothesis needs
further investigation.

5. Conclusion

In summary, our results provide evidence that TBBPA is capable
of inducing apoptosis of testicular cells and changes in the mor-
phometry of seminiferous tubules in CD1 mice. We assume that
this involves also Sertoli cells, which provide support to develop-
ing spermatocytes. In this study, the investigated sperm parameters
did not reveal any sperm damage. However, analysis of gene
expression revealed changes in the expression of selected testicu-
lar genes. These genes were selected because of their essential role
during spermatogenesis and because their impaired expression
may negatively influence the course of this process. This two-
generational in vivo study also suggests that permanent exposure
to TBBPA slightly enhances its effect in the next generation depend-
ing on whether the parents were affected or not.
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SUMMARY

ANDROLOGY

The effect of tetrabromobisphenol
A on protamine content and DNA
integrity in mouse spermatozoa

'E. Zatecka, %3). Castillo, 'F. Elzeinova, 'A. Kubatova, 'L. Ded, ']. Peknicova

TLaboratory of Reproductive Biology, Institute of Biotechnology, Academy of Sciences of the Czech
Republic, v. v. i., Prague, Czech Republic, ?Human Genetics Research Group, Faculty of Medicine,
IDIBAPS, University of Barcelona, and 3Biochemistry and Molecular Genetics Service, Biomedical
Diagnostic Centre, Hospital Clinic, Barcelona, Spain

Tetrabromobisphenol A (TBBPA) is a widely used brominated flame retardant of increasing concern to human health because of
its action as an endocrine disruptor. We have previously demonstrated that TBBPA is able to increase apoptosis of testicular cells
and other changes in the first and second generations of mice exposed to TBBPA. However, the potential effects of TBBPA on mouse
epididymal spermatozoa have not yet been investigated. Therefore, we initiated this study to determine whether TBBPA exposure
could also result in increased DNA fragmentation in epididymal spermatozoa and whether it had an effect on the protamines as the
major nuclear proteins. C57B1/6] mouse pups (n = 10) were exposed to TBBPA (experimental group) during the gestation, lactation,
pre-pubertal and pubertal periods up to the age of 70 days as previously described and compared to control mouse pups (n = 10)
that were not exposed. The results demonstrate that TBBPA treatment results in a significantly decreased protamine 1/protamine 2
ratio (0.362 vs. 0.494; p < 0.001), increased total protamine/DNA ratio (0.517 vs. 0.324; p < 0.001) and increased number of terminal
deoxynucleotidyl transferase dUTP nick end labelling positive spermatozoa (39.5% vs. 21.2%; p < 0.05) observed between TBBPA and
control mice respectively. These findings indicate that TBBPA exposure, in addition to the resulting increased sperm DNA damage,
also has the potential to alter the epigenetic marking of sperm chromatin through generation of an anomalous content and distribu-
tion of protamines. The possibility is now open to study whether the detected altered protamine content and DNA integrity are
related to the previously observed second-generation effects upon TBBPA exposure.

INTRODUCTION

Tetrabromobisphenol A (TBBPA) is a brominated flame retar-
dant with a global consumption of 210 000 tonnes per year
(European Food Safety Authority, 2011) and is released into the
environment from existing or wasted products exposing the
human population. For example, TBBPA was found in the blood
serum of computer technicians, in breast milk and blood serum
of mothers, and has also been shown to be transported through
the placenta to the foetus (Jakobsson et al., 2002; de Wit, 2002;
Cariou et al., 2008; Kawashiro et al., 2008). Brominated flame
retardants are classified as endocrine disruptors because they
mimic the function of endogenous hormones (Korner et al.,
1998; Meerts et al., 2000; Samuelsen et al., 2001; Kitamura et al.,
2002; Uhnakova et al., 2011). Few studies have examined the
effect of TBBPA on the reproductive system in vivo. Experiments
performed on Wistar rats (Van der Ven et al., 2008) reported a
reduction of thyroxin in circulation and an increase in gonad
weight and plasma levels of testosterone in F1 males. A previous
study conducted in our laboratory tested the effect of TBBPA on
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reproductive parameters in a two-generational in vivo study
using CD1 mice. We observed increased apoptosis of testicular
cells and changes in the expression of genes playing important
roles during spermatogenesis. A parental effect related to TBBPA
in the second generation was also found in this study (Zatecka
et al., 2013).

This study was designed to examine the effect of TBBPA on
spermatozoa as the carriers of parental genetic information. The
spermatozoon is a specialized cell with a condensed nucleus, in
which the majority of the DNA is tightly packaged in toroidal
structures by protamines (Oliva & Dixon, 1991; Oliva, 2006;
Balhorn, 2007; Carrell ef al., 2008; Oliva & Castillo 2011). In mice
as well as humans, there are two types of protamines: protamine
1 (P1) and protamine 2 (P2). Several studies have reported an
altered amount of protamines in the sperm cell of infertile
patients and a correlation with DNA fragmentation (Corzett
et al., 2002; Oliva, 2006; Balhorn, 2007; Carrell ef al., 2008; de
Mateo et al., 2009). Furthermore, haploinsufficiency of only one
of the protamine 1 gene (Prml) or protamine 2 gene (Prm2)
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alleles in knockout mice models results in severely altered sper-
matogenesis, increased DNA damage and sperm cell apoptosis
(Cho et al., 2001, 2003). Indeed, one of the main functions of
sperm protamines is related to the protection of the paternal
genetic message through making it inaccessible to nucleases or
mutagens (Oliva, 2006). This is especially relevant as sperm gen-
ome integrity seems to be necessary to accomplish fertilization
(Tomsu et al., 2002; Simon et al., 2011). However, protamines
may also be involved in paternal genome imprinting during
spermatogenesis and in the constitution of epigenetic marks
potentially transmitted to the oocyte upon fertilization (Oliva &
Dixon, 1991; Oliva, 2006; Carrell et al., 2008; Hammoud et al.,
2011; Castillo et al., 2014). Despite all the above studies correlat-
ing TBBPA with male reproductive effects and the links between
altered protamination, DNA fragmentation and male infertility,
to our knowledge, there are no studies measuring the effect of
TBBPA on protamination of the sperm cell and DNA integrity.
Therefore, this study was performed to determine the effect of
TBBPA on protamination levels and sperm DNA integrity as both
parameters are correlated with male fertility.

MATERIALS AND METHODS

Animals and treatment

For our experiment, we used a C57Bl/6] inbred mouse strain
(An Lab, Prague, Czech Republic). Mice were kept under
standard experimental conditions with constant temperature
(23-24 °C) and a 12-h light regime in the animal facility of the
Institute of Molecular Genetics of the AS CR, v. v. i, Prague.
Animals were fed on soy-free feed (LASvendi, Soest, Germany).
Food and water were administered ad libitum. In this in vivo
experiment, there were two groups; one group exposed to
TBBPA (experimental group) and the control group, both
exposed in the indicated animal facility in Prague. In each group,
10 animals were analysed. Experimental animals were treated
with TBBPA (Sigma, Prague, Czech Republic), which was
dissolved in drinking water in a concentration of 200 pg/L. The
animals were exposed approximately to 1 pg of TBBPA/mouse
per day (equivalent to 35 pg/kg). The concentration of TBBPA in
the environment is highly variable, but we tried to select our
concentration to mimic potential in vivo exposures (Sellstrom &
Jansson, 1995; Takigami et al., 2009), and also because it had
been used in our previous in vivo study where we showed that
TBBPA is able to influence processes occurring in the testicular
tissue (Zatecka et al., 2013).

Animals in the experimental group were exposed from the day
of conception (their parents were non-exposed animals)
throughout the gestation, lactation, pre-pubertal and pubertal
periods up to the age of 70 days, and then they were sacrificed
and subjected to analysis. Each group (experimental and con-
trol) consisted of 10 individuals. The animals were exposed dur-
ing all their life since conception in order to simulate real
exposures of humans to environmental pollutants throughout
life. All procedures were approved by the Committee for Animal
Welfare and Protection.

Sperm extraction and purification

The epididymides were dissected and cleaned from any addi-
tional tissue. The caudal regions of the epididymides were sepa-
rated, placed into warmed (37 °C) PBS and then they were
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carefully cut into small pieces, and the spermatozoa were left to
release spontaneously from the epididymis in a CO, incubator
(CO, 5%) for 15 min. After incubation, the mixture was poured
through a 30-pm filter to obtain only the sperm cell fraction
(Partec, Gorlitz, Germany) and PBS was added to 1 mL final vol-
ume. Part of the epididymal spermatozoa was used for assessing
sperm morphology and DNA damage. The rest of the suspension
was washed in PBS, centrifuged at 1240 g for 10 min at 4 °C and
the pellet was used for the protamine extraction.

Sperm morphology

For evaluation of the morphological state of spermatozoa,
10 pL. of sperm cell suspension was placed onto a glass slide,
fixed at 37 °C and labelled by Spermac Stain System according
to the manufacturer’s protocol (Ferti Pro, Beernem, Belgium). A
total of 200 cells from each sample were evaluated as described
(Elzeinova et al., 2008).

Testosterone and T3 level measurements

Blood samples (0.5 mL) were collected from males at the age
of 70 days. Serum testosterone and total triiodothyronine (T3)
were measured by the commercially available RIA kits (Beckman
coulter, Prague, Czech Republic) according to manufacturer’s
instructions. Serum samples were evaluated using a gamma
counter (Cobra II; Canberra Packard, Meriden, CT, USA) set for
125 iodine.

Sperm DNA damage

The level of DNA damage of epididymal spermatozoa was
detected by terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling (TUNEL), using a detection kit
(Promega, Madison, WI, USA) according to the manufacturer’s
instructions. The fresh sperm suspension (final concentration of
1 x 10° cells/mL) was dropped onto three-well diagnostic
microscope slides (ThermoScientific, Portsmouth, NH, USA) and
air-dried. For each well, 10 pL of sperm suspension was used.
Subsequently, the samples were processed according to manu-
facturer’s instructions. Finally, the samples were mounted in
Vectashield with DAPI dye (Vector, Burlingame, CA, USA) for
DNA visualization (Dominguez-Fandos et al., 2007). All
specimens were evaluated with a fluorescent microscope Nikon
Eclipse 400 (Nikon, Tokyo, Japan) equipped with a Nikon Plan
Apo VC 60/1.40 oil objective (Nikon). The images were photo-
graphed with a CCD camera 1300-VDS (Vosskiihler, Osnabriick,
Germany) with the aid of the NIS-Elements Ar imaging software
(Laboratory Imaging, Prague, Czech Republic). Two hundred
cells were evaluated in each sample.

Extraction of sperm nuclear proteins

For protamine extraction, 5 x 10° of mouse epididymal sperm
cells were used. Sperm cells were resuspended in 200-uL. PBS,
centrifuged at 8940 g for 5 min at 4 °C and the pellet was resus-
pended in 100 pL of 0.5% Triton X-100, 20 mwm Tris, 2 mm MgCl,
solution and centrifuged at 8940 g for 5 min at 4 °C. After centri-
fugation the samples were treated as described previously (de
Yebra & Oliva, 1993), except that instead of using iodoacetate
treatment we performed a treatment with 0.8% vinylpyridine
(Sigma) for 30 min at 37 °C to further inhibit formation of cyste-
ine disulphide bonds. Finally, each sample was resuspended in
10 p. of sample buffer containing 5.5 m urea, 20% f-
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mercaptoethanol and 5% acetic acid. The DNA remaining in the
pellet after the extraction of the nuclear proteins with 0.5 m HCI
was extracted and quantified after 0.5 N perchloric acid hydroly-
sis (90 °C, 20 min) and absorbance determination at 260 nm,
measured using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Products, Wilmington, DE, USA), as described previ-
ously (Castillo e al., 2011).

Separation and analysis of sperm nuclear proteins

Basic nuclear proteins were analysed using acid-urea poly-
acrylamide gel containing 2.5 m urea, 12.5 mwm thiourea, 0.9 m
acetic acid, 15% acrylamide, 0.1% bis-acrylamide and 0.12%
H,0,. After polymerization, 2 pL of each sample was loaded and
the gel was electrophoresed in 0.9 m acetic acid buffer for 90 min
at 110 V (Ausio, 1992). Different known quantities of a human
protamine standard from a pool of human normozoospermic
sperm samples (0.435, 0.87, 1.74 and 2.61 pg) were added in each
acid-urea electrophoretic gel (Mengual et al., 2003).

The gels were stained with EzBlue staining reagent (Sigma) fol-
lowing the manufacturer’s instructions. The stained gels were
scanned and the intensity of the bands corresponding to P1 and
P2 was quantified with Quantity One software (Bio-Rad Labora-
tories, Hercules, CA, USA). The data obtained from Quantity One
software were used for calculating the P1/P2 ratio. A standard
curve was obtained from the different concentrations of human
protamine standard to calculate the total amount of protamines
(P1 + P2) in each sample, and the P1/P2, P1 + P2/DNA, P1/DNA
and P2/DNA ratios were calculated (Mengual et al., 2003). A rep-
resentative example of one of the acid—urea polyacrylamide gels
stained by EzBlue is shown in Fig. 1.

Reverse transcription—polymerase chain reaction

The whole RNA was extracted from the whole testicular tis-
sue using the Tri-Reagent kit (Sigma). Briefly, to each testicle,
1 mL of Tri-Reagent was added and the tissue was then
homogenized in homogenizer Precellys 24 (Bertin Technolo-
gies, Aix-en-Provence, France). Subsequently, the samples
were processed according to the manufacturer’s instructions.
The quality and purity of the isolated RNA was measured with
a NanoDrop-1000 spectrophotometer (Thermo Scientific,
Washington, DC, USA). The cDNA was synthesized by com-
bining 5 pg of purified RNA, 1 pL. DNase I (Invitrogen, Carls-
bad, CA, USA), 1 ul. DNase 1 reaction buffer (Fermentas,
Burlington, ON, Canada) and H.O to reach a volume of
10 pL. This mixture was incubated for 30 min at 37 °C in a
Touchgene Gradient Thermal Cycler, (Techne, Burlington, VT,
USA). After incubation, 1 ul. EDTA (Fermentas) was added
and the mixture was incubated at 65 °C for 10 min. The vol-
ume of 30 uL of the reaction mixture (8 puL of reaction buffer
for M-MuLV reverse transcriptase (Fermentas), 5 pl. 10 mm 4
dNTP (Fermentas), 0.3 uL. RiboLock inhibitor (Fermentas),
1 ul. oligo (dT) + random primers (Promega) and 15.2 pL
H.0) was added to the samples. The mixture was incubated
for 60 min at 42 °C and then for 10 min at 70 °C. The
obtained cDNA was stored at —20 °C for subsequent analysis.

Quantitative reverse transcription—polymerase chain reaction
Quantitative reverse transcription-polymerase chain reaction

(qRT-PCR) was performed with primers for Prml, Prm2, transi-

tion protein 1 gene (Tnpl) and transition protein 2 gene (Tnp2).
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The primer sequences are given in Table 1. For each reaction,
2 pul. of 5x diluted c¢DNA, 10 pl. SYBR Green Master Mix
(Fermentas), 0.5 pL primer and 7 pL H,O were used. All reactions
were performed in duplicates in a PCR cycler (Bio-Rad Laborato-
ries). The relative amount of mRNA in each sample was calcu-
lated from the measured CT values. The control was set at 100%
and the experimental samples were compared to the control. The
expression of the gene for §-actin (Actb) was used to optimize the
measured values as described (Livak & Schmittgen, 2001).

Statistical analysis

Experimental data were analysed using STATISTICA 6.0
(DELL-StatSoft, Inc, Tulsa, OK, USA) and GraphPad Prism 5.04
(GraphPad Software, Inc., La Jolla, CA, USA). The differences
between individual parameters in the control and the TBBPA
group were tested by Mann-Whitney U-test. The correlations
between individual parameters were expressed as Pearson prod-
uct-moment correlation coefficient (r). Individual r coefficients
were tested for their significance. A p value equal or lower than
0.05 was considered significant (*p < 0.05, **p < 0.01 and
***p < 0.001).

RESULTS

General reproductive system measurements and animal body
weight

TBBPA treatment did not result in statistically significant
changes in any of the general reproductive system parameters
measured (Table §1). Recorded parameters were the ano-genital
distance, weight of the reproductive organs, sperm morphology
and concentration. Also, the animal body weight was not chan-
ged as a result of the treatment.

Testosterone and T3 levels

Testosterone and T3 levels were measured to determine
whether the previous reported effects of TBBPA treatment in rats
(Van der Ven et al., 2008) could also be reproduced in mice. As
expected, TBBPA-treated animal had lower testosterone levels as
compared to the control group (0.268 ng/mL + 0.23 (SD) vs.
0.48 ng/mL + 0.222 (SD); p < 0.05). The average T3 levels were
also lower in the TBBPA-treated animals, although in this case
no significant differences were reached (1.187 nmol/L + 0.324
(SD) vs. 1.301 nmol/L =+ 0.135 (SD).

Protamine ratio and protamine content

After protein staining and visualization, we measured the opti-
cal density of the bands that corresponded to P1 and P2 respec-
tively (Fig. 1A), and the P1 to P2 ratio (P1/P2) was calculated for
each sample (Fig. 1B). In animals exposed to TBBPA, the P1/P2
ratio was 0.362 + 0.024, whereas in control animals the ratio
was 0.494 + 0.052 (p < 0.001), consistent with the normal ratio
described for mice (Corzett et al., 2002). Thus, in the experimen-
tal animals, the P1/P2 ratio was significantly lower as compared
to the control group (Fig. 1B). Using protamine standards, we
also calculated the whole protamine content in each sample.
Finally, we also measured the DNA content of the samples,
which allowed calculating the total protamine to DNA ratio
(P1 + P2/DNA) and the P1/DNA and P2/DNA ratios. In the con-
trol animals, the P1 + P2/DNA ratio was 0.324 + 0.081, whereas
in the experimental animals we obtained a significantly higher
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Figure 1 Analysis of protamine 1 (P1), protamine 2 (P2) and protamine ratios in control and tetrabromobisphenol A (TBBPA)-treated groups. (A) Represen-
tative examples of the visualization of protamines in mouse sperm samples from control and TBBPA-treated animals. Proteins were extracted from epididy-
mal spermatozoa, separated on acid-urea polyacrylamide gel and stained with EzBlue. Some representative examples are shown. (B) P1 to P2 ratio (P1/P2)
in epididymal spermatozoa. The Mann-Whitney U-test shows that the P1/P2 ratio is significantly lower in animals exposed to TBBPA. (C) Protamine to DNA
ratio in epididymal spermatozoa. (D) P1/DNA ratio. (E) P2/DNA ratio. The Mann-Whitney U-test shows that the P1 + P2/DNA ratio is significantly higher in

animals exposed to TBBPA. ***p < 0.001. Mean + SD; n = 10/group.
(A) Control

TBBPA

P eeaee Beewse
N e e ese

PL— ¥ -

(B) 0.6 - i A ¢ (C) o8+
o°
o
09 < 067 &
oo = : .
%‘ § 0.4 °oo o°
g, & M =
.4 4 Op
—o5gaS— * 024 0°
[e]e}
0.3 - T 0.0 - -
Control TBBPA Control TBBPA
o
(D) 0.20 - (E) 0.6 - —_—
o
o
0.15 - o o :
—e— 0.4
0] =2 e s B
g 0.10 B o o
* o2 %02 =&
0.05 9,0
0.00 . . 0.0 T v
Control TBBPA Control TBBPA

Table 1 Primer sequences used in the RT-PCR experiments

Gene Accession no. Nucleotide sequence 5’3’ Size of PCR
product (bp)

Actb NM_007393.3  CGGTTCCGATGCCCTGAGGCTCTT 100
CGTCACACTTCATGATGGAATTGA

Prm1 NM_013637.4  ACAGGTTGGCTGGCTCGACC 90
CGGCAGCATCGGTATCTGGCC

Prm2 NM_008933.1 CCAGGGGCCTGGACAAGACC 112
TCTGTGGTGGTGGTGGCCCC

Tnp1 NM_009407.2 CCGAGCTCCTCACAAGGGCGT 140
CAGGGCAGAGCTCATTGCCGC

Tnp2 NM_013694.4 CCTGCAAGACCCAGCCACCG 94
GTTTCCGCCTCCTGACGGCC

RT-PCR, reverse transcription—polymerase chain reaction; Actb, B-actin; Prm1,
protamine 1; Prm2, protamine 2; Tnpl, transition protein 1; Tnp2, transition pro-
tein 2.

P1 + P2/DNA ratio of 0.517 + 0.073 (p < 0.001; Fig. 1C). This
increase in the total protamine content is due to a significant
increase in the P2/DNA ratio (Fig 1E),

Sperm morphology and DNA damage

The cauda epididymal spermatozoa obtained from control
and experimental animals were subjected to morphological
analysis and evaluation of DNA damage through the TUNEL
assay, which enables the detection of DNA fragmentation. There
were no differences in the number of sperm cells/mL recovered
(the sperm cells x 10°/mL + SD was 17.60 + 6.40 in control vs.
15.76 + 5.80 in treated animals). During the morphological
analysis, we evaluated the morphology of sperm heads. We did
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not observe any differences in the number of morphologically
abnormal spermatozoa in TBBPA-treated animals compared to
the control (% of average abnormal spermatozoa + SD was
6.10 £+ 2.60 vs. 7.6 + 2.59 respectively). However, as shown in
Fig. 2, we detected a significantly higher number of TUNEL-
positive cells in spermatozoa from TBBPA-treated animals
(39.5 + 4.5% cells) as compared to the controls (21.2 + 3.1%
cells; p < 0.05). Moreover, the statistical analysis revealed a neg-
ative correlation between the DNA damage and the P1/P2 ratio
(Fig. 3; p < 0.05). However, we did not find any correlation
between total protamine/DNA; P1/DNA; P2/DNA and sperm
DNA damage. In case of P2/DNA with TUNEL we could see a
trend (r = 0.38); however, the p value did not reach level of

Figure 2 Number of cells positive for terminal deoxynucleotidyl transferase
dUTP nick end labelling assay (TUNEL expressed as %). The Mann-Whitney
U-test shows that spermatozoa of animals treated with tetrabromobisphenol
A (TBBPA) display higher DNA damage compared to the control group
(*p < 0.05. Mean + SD; n = 10/group).
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Figure 3 Correlation between DNA damage [number of terminal deoxynu-
cleotidyl transferase dUTP nick end labelling assay (TUNEL) positive cells in
%] and protamine 1 (P1)/protamine 2 (P2) ratio. The statistical analysis
shows that there is a significant negative correlation between these two
parameters (*p < 0.05. Mean + SD; n = 10/group).
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significance (p = 0.11). We also searched for potential correla-
tions between the sperm concentration or morphology and
sperm protamination, but we did not find any significant results.
We did not detect any correlation either between sperm
morphology assessed using optical microscopy and protamine
content. However, it will be interesting to explore in the future,
using higher resolution methods, whether the detected altera-
tions in protamine content are linked to ultrastructural defects.

Expression analysis of testicular RNA

After testes dissection, we extracted whole testicular RNA and
evaluated the expression of several testicular genes. Genetic
analysis was performed by qRT-PCR with primers for the PrmI;
Prm2; Tnpl and Tnp2 genes (Table 1). The qRT-PCR method did
not reveal any significant changes in the expression profile of
any of the tested genes in the experimental animals (Table 2).
We also calculated the Prm1/Prm2 mRNA ratio. In experimental
animals, the ratio was slightly lower (average 0.56 + 0.10 vs.
0.60 + 0.18); however, the differences were not statistically
significant.

DISCUSSION

In this manuscript, we report that TBBPA exposure leads to a
decreased P1/P2 ratio, increased total protamine/DNA ratio and
in an increased number of TUNEL-positive spermatozoa (Figs 1
and 2). In humans, alterations in the P1/P2 ratio have been
reported in infertile patients and are associated with increased
sperm DNA damage and failed assisted reproduction outcomes
(Mengual et al., 2003; Aoki et al., 2005; Balhorn, 2007; de Mateo
et al., 2009; Castillo et al., 2011; Simon et al., 2011). According to
the DNA protection hypothesis for protamines, the prediction
would be that the detected increase in DNA damage would cor-
relate with decreased total P1 + P2/DNA ratios (Aoki ef al., 2005;
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Oliva, 2006). However, our results obtained in the present work
in the mouse model instead indicate a significant increase in the
total P1 + P2/DNA ratio in the TBBPA-treated animals, with
increased TUNEL-positive spermatozoa (Figs 1 and 2). But not
all published data fit well the DNA protection hypothesis. For
example, a significantly increased P1 + P2/DNA ratio was
detected in the sperm cells from native semen infertile patient
samples having higher DNA fragmentation levels as compared to
density gradient-selected spermatozoa with lower levels of DNA
damage and lower P1 + P2/DNA ratios (Castillo et al., 2011).
Also, a lack of detection of significant changes in the total
protamine content was reported in oligozoospermic patients as
compared to controls, despite the presence of significantly dif-
ferent P1/P2 ratios (Mengual et al., 2003). Differently to the
above data on protamine content and DNA damage, low P1/P2
ratios have been consistently associated with higher sperm DNA
fragmentation indices in different studies (Aoki et al, 2005;
Oliva, 2006; Fig. 3). Thus, the P1/P2 and protamine/DNA (or
protamine/spermatozoa) ratios are not equivalent. Therefore,
our results along with some of these previous observations sug-
gest that the detected associations between decreased P1/P2
ratios, changes in the protamine/DNA ratios found in some
studies and increased DNA damage cannot be simply explained
by the DNA protection hypothesis of protamines, but that the
link is more complex.

Another hypothesis for the function of protamines is that they
are involved in the imprinting of sperm chromatin (Oliva &
Dixon, 1991; Oliva, 2006; Arpanahi et al., 2009; Hammoud et al.,
2009; Castillo et al., 2014). This latter imprinting hypothesis has
recently received substantial support, since approximately 1 and
8% of the mouse and human sperm chromatin, respectively, was
found not to be organized by protamines, but associated with
sperm nucleosomes that are enriched in genes important for the
initial embryo developmental stages (Gatewood et al., 1987;
Gardiner-Garden et al., 1998; Zalenskaya et al., 2000; Wykes &
Krawetz, 2003; Arpanahi et al., 2009; Hammoud et al., 2009).
The rest of the different chromatin-packaging genes is organized
in nucleoprotamines (approximately 99% in mouse spermatozoa
and 92% in human spermatozoa) (Arpanahi ef al, 2009;
Hammoud et al., 2009). Furthermore, alterations were detected
in the gene distribution in nucleoprotamine and nucleohistone
domains of infertile patients (Hammoud et al., 2011). Also, his-
tone retention is altered in mouse impaired spermatogenesis
(Ihara et al., 2014). Therefore, the reported associations between
decreased P1/P2 ratios, increased DNA fragmentation and infer-
tility cannot be simply explained by the lack of protection of the
chromatin, but may be the consequence of a complex and gen-
eral sperm chromatin disordering resulting in altered epigenetic
imprinting, decreased P1/P2 ratios, altered protamine/DNA
content and increased DNA damage (Carrell et al., 2008; Oliva &

Table 2 Quantitative reverse transcription-polymerase chain reaction analysis of testicular protamine 1 (Prm1); protamine 2 (Prm2); transition protein 1

(TnpT) and transition protein 2 (Tnp2) genes

Group Prm1 (%) Prm2 (%) Tnpl (%) Thp2 (%) Prm1/Prm2
Control 100.0 + 38.9 100.0 + 47.2 100.0 + 26.1 100.0 + 16.9 0.56 + 0.10
TBBPA 91.2 + 28.0 100.1 = 29.3 100.8 = 20.5 100.1 = 16.4 0.60 + 0.18
p Value 0.76 0.59 0.95 0.99 0.66

Relative expression of the selected genes and the Prm1/Prm2 ratio are given. The control group represents 100% and the percentage in the experimental group repre-
sents the ratio of gene expression between the experimental (TBBPA) and the control group. No significant differences were detected. TBBPA, tetrabromobisphenol A.
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Ballesca, 2012; Castillo et al., 2014; Jodar & Oliva, 2014). Our
present results would be consistent with a general sperm chro-
matin disordering rather than with the classical DNA protection
hypothesis. It would be interesting in future studies to measure
the effect of TBBPA on the gene distribution in the nucleoprota-
mine and nucleohistone-packaged regions in spermatozoa and
associated DNA methylation patterns.

Although a high variability of P1/P2 has been detected among
mammals, a particular proportion of the two protamines seems
to be important within the same species (Corzett et al, 2002).
Some mammalian species do not have detectable levels of
protamine 2 (such as boar and rat; Oliva & Dixon, 1991; Corzett
et al., 2002). There are even many vertebrate species with no
protamines at all in their sperm cells (such as zebra fish and
goldfish), and yet they efficiently manage to transmit intact
paternal genomes to the offspring. For example, the zebrafish is a
fish species that, instead of protamines, uses increased amounts
of linker histone H1 and depletion of chromatin-decondensing
modifications (such as H4K16ac) to accomplish sperm chromatin
condensation, and where genes important for embryo develop-
ment are packaged in blocks of multivalent chromatin (Wu et al.,
2011). It is interesting to note that different endocrine disruptors
have been reported to result in sperm epimutations and
increased TUNEL-positive cells in the testis of the corresponding
animals (Guerrero-Bosagna et al., 2012; Manikkam et al., 2013).
The present detection of increased sperm DNA fragmentation in
the TBBPA-treated group is also consistent with the recently
reported effect of TBBPA in the sperm cells of the starlet fish
measured using COMET assay (Linhartova eral, 2014).
Increased sperm DNA damage has also been reported for men
exposed to other endocrine disruptors such as bisphenol A
(Rochester, 2013). Of course, the imprinting hypothesis and the
DNA protection hypothesis for protamines are not mutually
exclusive and could perfectly both coexist and be valid.

We have not detected any correlation between the P1/P2 alter-
ations present in the spermatozoa and the protamine transcript
levels in the testis (Table 2). Therefore, the protamine alterations
detected at the protein level in our study are not due to a tran-
scriptional alteration in the corresponding genes, but must have
originated through post-translational processing and/or deposi-
tion onto the chromatin. In humans, alterations in protamine
transcripts have been described in the testis (Steger et al., 2000,
2001, 2003) and mature spermatozoa of infertile patients (Jodar
et al., 2012). Therefore, the mechanisms involved appear to be
different in our model from those operating in infertile patients.
Separate analysis of the P1/DNA and P2/DNA ratios in the two
groups indicates that the abnormally increased P1 + P2/DNA
ratio in the TBBPA-treated animals is mainly due to a significant
increase in the P2/DNA ratio (Fig. le). The main difference
between the two protamines is that P1 is directly translated into
the mature form, whereas P2 is first synthesized as a precursor
and then proteolytically processed to give rise to the mature
form of P2 (Torregrosa et al., 2006; de Mateo et al., 2009, 2011).
But the increased ratio detected excludes a defect of processing.
A potential explanation could be that the transcripts for P1 and
P2 are produced normally, but there is some effect of the TBBPA
exposure on Prm2 transcript stabilization or translation that
could result in overproduction of P2. The possibility is now open
in future studies to further clarify the mechanism involved.
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In conclusion, the present work demonstrates that TBBPA
exposure results in altered protamine ratios and increased sperm
DNA fragmentation. The possibility is now open to further inves-
tigation of the molecular mechanisms within the sperm cell
through which TBBPA exposure results in the detected effects.
Different studies have demonstrated the presence of changes in
the sperm proteome in infertile patients linked to protamine
imbalances and DNA fragmentation (de Mateo et al., 2007;
Martinez-Heredia et al., 2008; Oliva et al., 2008; Amaral et al.,
2014). Therefore, important future extensions of our present
work will be to explore in detail the overall sperm proteome and
epigenome in TBBPA-exposed animals and their offspring, with
the potential to provide additional important clues onto the
mechanisms involved in the detected alterations. It will also be
interesting in the future to conduct studies that limit the
exposure of TBBPA to differing stages of development to gain
further insight into the mechanisms of the detected associations.
Another aspect that could be further investigated is to what
extent the individual cell-to-cell differences in the protamine
content, RNA and DNA fragmentation could relate to the
detected associations in mixed sperm populations. Finally yet
importantly, our results could also emphasize that more
attention should be devoted to studying the potential health
issues of TBBPA exposure in the human population and particu-
larly those related to reproductive fitness.
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We tested the effect of two different concentrations (150 pg/l and 0.15 p.g/l) of mycotoxin zearalenone
(ZEA) on the reproductive parameters and expression of testicular genes in male mice. In adult males, no
reduction of body or reproductive organ weight was observed, and the seminiferous tubules were mor-
phologically normal with ongoing spermatogenesis. However, we found decreased sperm concentration,
increase of morphologically abnormal spermatozoa and increased binding of apoptotic marker annexin

V. This study was also focused on the evaluation of gene expression profiles of 28 genes playing important
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to the lower dose of ZEA.

roles during the processes occurring in the testicular tissue. We detected changes in the expression of
genes important for proper spermatogenesis. Surprisingly, we observed a stronger effect after exposure

© 2014 Published by Elsevier Inc.

1. Introduction

Zearalenone (ZEA, F-2 toxin)is a nonsteroidal oestrogenic myco-
toxin produced by a variety of Fusarium fungi, which are common
contaminants of cereal crops worldwide [1]. ZEA is commonly
found in maize or corns with the highest concentration in wheat,
bran, corn and their products (e.g. corn flakes). ZEA is mainly a field
contaminant; however the toxin production can also occur during
storage in poor conditions [2]. Also, it has been shown that ZEA is
transported from the fields to the aquatic systems by rain water [3].

The concentrations in food and feed vary over a wide range,
depending on climatic conditions. Considering the mean levels
of ZEA in the principal foods and their consumption, the average
human daily intakes of ZEA range from 2.4 to 29 ng/kgb.w./day in
adults, while toddlers (12-36 months old) have the highest average
daily intakes ranging from 9.3 to 100 ng/kg b.w./day [2]. It has been
shown that ZEA can also be excreted into cow milk [4].

ZEA is rapidly absorbed after oral administration. Its uptake is
estimated to be approximately 80-85%, but it is difficult to measure
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owing to extensive biliary excretion. ZEA and its derivatives are
detected in blood about 30 min after oral administration bound
to human globulins as reproductive hormones [5,6]. Studies with
radiolabelled zearalenone in mice showed that it is distributed to
oestrogen target tissues such as uterus, interstitial cells of the testes
and ovarian follicles. Some radiolabels were also found in adipose
tissues, indicating that storage in adipose tissue may take place [7].

The main effect of zearalenone results from its oestrogenic
activity., ZEA and its derivatives - a-zearanenol («-ZOL) and B-
zearalenol (B-ZOL) - compete with 17(3-estradiol (E2) for the
specific binding sites of oestrogen receptors (ERs). Several investi-
gations have demonstrated that binding of ZEA and its derivatives
initiates a sequence of events known to follow oestrogen stimu-
lation [7]. Efficiency of binding of ZEA to ER in target tissues is
<1-10% than that of E2, whereas a-ZOL shows stronger binding
and B-ZOL lower affinity to ER [8]. The specific manifestations of
ZEA are dependent upon the species, relative dose, and life stage
during which ZEA is consumed. The most sensitive species is the
pig; however it has been shown that ZEA can also have adverse
effects on other species including rodents.

A study by Yang et al. [9] has shown that ZEA and «-ZOL
affect steroidogenesis in mature mouse Leyidig cells in vitro.
During this study authors observed a decrease of testosterone
production in cells co-treated with ZEA or a-ZOL and human
chorionic gonadotropin (hCG). They also detected decreased
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expression of 3p-hydroxysteroid dehydrogenase/isomerase (33-
HSD-1), cytochrome P450 side chain cleavage enzyme (P450scc)
and steroidogenic acute regulatory protein (StAR), which play a
crucial role during steroidogenesis. In adult animals testosterone
is critical for proper spermatogenesis and sperm maturation, and
disruption of spermatogenesis can thus adversely affect male fer-
tility.

The negative effect of ZEA on reproductive parameters can also
be observed in vivo. In another study of Yang et al. [10], adult male
mice were exposed to intraperitoneal injections of ZEA or a-ZOL
at the concentration 0, 25, 50 or 75 mg/kg b.w. daily for 7 days. In
all groups the authors observed a significantly increased number
of abnormal spermatozoa and significantly decreased number of
live spermatozoa. Testicular and cauda epididymal sperm counts
were also reduced, as well as serum testosterone. These effects
were observed in the treated males at all doses in a dose-dependent
manner. Besides the decrease in sperm quality, a significantly
low pregnancy rate was observed when untreated females were
mated with the treated males. At high concentrations (50 and
75 mg/kg b.w.), authors noticed a decrease of b.w. and increase of
relative seminal vesicle weight.

To show whether the action of ZEA includes induction of apo-
ptosis of testicular cells, Kim et al. [11] performed an in vivo study
in rats. During this study 10-week-old male rats were exposed to a
single intraperitoneal dose of ZEA (5 mg/kg b.w.) and analyzed at 3,
6, 12, 24, or 48 h after exposure. Germ cell degeneration caused by
apoptosis was observed at stages [-VI of spermatogenesis 12 h after
the exposure. The frequency of TUNEL-labelled germ cells increased
in a stage-specific manner, with gradually increasing frequency at
stages I-VI of seminiferous tubules with the time after exposure.
These results show that a single dose of ZEA induces testicular germ
cell apoptosis in a time-dependent and stage-specific manner in
the rat testis in vivo. The induction of apoptosis in testicular tis-
sue after ZEA treatment was also shown by Yuan et al. [12]; these
authors have additionally shown that traditional medicinal plant
Gynostemma pentaphyllum protects against toxicity caused by ZEA
through anti-oxidation and anti-apoptosis effects mediated by the
regulation of Bax and Bcl-2 expression.

Filipiak et al. [13] performed an in vivo study of pubertal rats in
which they investigated the effect of two xenoestrogens, diethyl-
stilbestrol (DES) and ZEA, with comparison of their effect with
natural oestrogen 17p-estradiol (E2). While E2 and DES signifi-
cantly reduced the numbers of spermatogonia, spermatocytes and
Sertoli cells, ZEA only reduced the numbers of spermatogonia and
Sertoli cells. The authors also measured the testis weight and sem-
iniferous tubule diameter and length, which were significantly
decreased by all three substances. In general, ZEA appeared to be
the weakest of the three oestrogenic substances.

The aim of the present study was to assess the effect of treatment
with a low dose of mycotoxin zearalenone on the male gonadal
pathology, sperm quality and expression of selected genes. We have
analyzed a wide range of genes expressed in the testes. For this
purpose we selected genes playing important roles during sper-
matogenesis, genes expressed in Sertoli cells, and genes playing a
role in apoptosis and hormonal response. We assume that analysis
of these genes can reveal how ZEA affects germ cell development
and subsequently the semen quality in mice.

2. Materials and methods
2.1. Animals and treatment, number of progeny, sex ratio
For our experiment we used the CD1 outbred mice strain (An

Lab, Prague, Czech Republic) with high heterozygosity and aver-
age litter size (12-13 pups/litter). Mice (experimental and control
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groups) were kept under standard experimental conditions (con-
stant temperature and 12-h light regime) in the animal facility
of the Institute of Molecular Genetics, v. v. i., Prague. Animals
were fed on soy-free feed (Ssniff, Soest, Germany). The diet and
water were administered ad libitum and all stress factors were
reduced to a minimum. Experimental groups were treated with
different concentrations of ZEA (Sigma, Prague, Czech Republic),
which was dissolved in drinking water. In this in vivo experiment
there were two experimental groups - a group exposed to higher
concentration of ZEA (150 pg/l), and a second group exposed to
lower concentration of ZEA (0.15 g/1). Animals exposed to the low
dose were exposed to an environmentally relevant concentration
(around 25 ng/kg b.w.) and animals exposed to the high dose were
exposed to 1000 times higher concentration. ZEA was administered
starting from the first day of mothers’ pregnancy, and the num-
ber of progeny and the sex ratio were evaluated. The born pups
were exposed during gestation, lactation, pre-pubertal and puber-
tal period, and up to the age of 70 days, when they were sacrificed
and subjected to analysis. In each group, 18 animals were analyzed.

2.2. Anogenital distance, body and organ weight

Animals in the control and experimental groups were killed
at the same age of 70 days. Anogenital distance (AGD) and body
weight were measured and subsequently the reproductive organs
were dissected and weighed. Left and right testes, epididymis,
seminal vesicles and prostate were separated, cleaned and weighed
individually. Immediately after weighing the left testes were frozen
in liquid nitrogen and stored at —70 °C for further analysis; the right
testes were used for histological analysis and epidymides were
placed into warmed (37 °C) PBS for sperm release (see below).

2.3. Preparation of cells

Mouse sperm were obtained from the cauda epididymis.
Spermatozoa were left to release spontaneously into 1ml of
warmed PBS at 37°C in a CO; incubator for 15 min. Then the cell
suspension was transferred into a new tube and PBS was added
to 1 ml final volume. The concentration of spermatozoa was eval-
uated in a haemocytometer chamber under 100x magnification.
Part of the epididymal spermatozoa was used for assessing viabil-
ity, morphology and apoptotic stage. The rest of the suspension was
washed twice in PBS, centrifuged for 15 min at 200 x g and dropped
onto glass slides for immunocytochemical analysis.

2.4. Sperm viability

To determine the viability of epididymal spermatozoa a
Live/Dead sperm viability kit was used (Invitrogen, Eugene, USA);
the laboratory manual had to be slightly modified to enable its
use for mouse sperm. First, the cell suspension was centrifuged
for 5min at 200 x g, then 1 p.l of cell pellet was mixed with 200 p.1
of HEPES buffer and 1 pl 50x diluted SYBR 14 (in HEPES), and the
mixture was incubated for 5 min at 37 °C in the dark. Subsequently,
the mixture was centrifuged for 5 min at 200 x g. The supernatant
was removed and the cell pellet was mixed with 200 I of HEPES
buffer and 1 pl propidium iodide (PI) and centrifuged for 5min at
200 x g. The supernatant was removed and 20 .l of PBS was added,
then 10 pl of the suspension was placed onto a glass slide and eval-
uated under a Nikon Eclipse E400 fluorescence microscope using
a 40x Nikon Plan Fluor 40/0.75 (Nikon, Prague, Czech Republic).
Green (SYBR 14)-labelled spermatozoa were alive; orange-labelled
(PI) spermatozoa were dead.
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2.5. Sperm morphology

To evaluate the morphological state of spermatozoa, 10 .l of
sperm cell suspension was placed onto a glass slide, fixed at 37°C
and labelled according to the protocol using Spermac Stain System
(Ferti Pro, Beernem, Belgium). We evaluated at least 200 cells from
each sample. Another method used to evaluate the sperm mor-
phological status was indirect immunofluorescence with specific
monoclonal antibody (Hs-14) against anti-acrosomal protein (see
below).

2.6. Indirect immunofluorescence

Monoclonal antibody against intra-acrosomal protein (Hs-14)
was used to assess the integrity of the acrosome. This antibody was
prepared in our laboratory and is routinely used to test the acro-
some state [14,15]. Epididymal spermatozoa were dropped on glass
slides, air dried and fixed for 10 min with acetone. After rinsing with
PBS, the slides were incubated overnight at 4 °C with monoclonal
antibody (diluted to an immunoglobulin concentration 20 pg/ml).
After thorough washing with PBS, the slides were incubated with
anti-mouse IgM (.-chain specific) fluorescein isothiocyanate (FITC)
conjugate (Sigma, Prague, Czech Republic) diluted 1:128 in PBS and
incubated for 60 min at 37 °C, washed with PBS and distilled water,
and mounted in Vectashield H-1200 DAPI (Vector Laboratories,
Burlingame, CA) for DNA visualization.

2.7. Apoptotic stage of spermatozoa

Apoptotic spermatozoa were detected using the APO-AF kit
(Annexin V-FITC Apoptosis Detection Kit, Sigma, Prague, Czech
Republic). The laboratory manual was slightly modified; 1 pl of
cell suspension was mixed with 100 pl of 1x concentrated binding
buffer and 1 .l of Annexin V solution. The mixture was incubated
in the dark for 15min at room temperature and centrifuged for
5min at 200 x g. Supernatant was removed and 10 pl vectashield
with DAPI was added. The mixture was placed onto a glass slide
and examined with a Nikon Eclipse E400 fluorescent microscope
equipped with a Nikon Plan Apo VC 60/1.40 oil objective and photo-
graphed with a CCD 1300-VDS camera (Vosskiihler, Osnabriick,
Germany) with the aid of the NIS-ELEMENTS AR imaging software
(Laboratory Imaging, Prague, Czech Republic).

2.8. Histological analysis

The right testis was fixed in 4% formaldehyde in PBS for 48 h.
Then the tissue was washed for 15 min in distilled water and dehy-
drated by increasing concentrations of ethanol. Subsequently, the
tissue was placed in the mixture of acetone and xylene (1:1) for
30min and then in xylene for 30 min. Finally, the testes were
embedded in paraffin (Paraplast, Sigma, Prague, Czech Republic)
and these paraffin blocks were cut in a microtome (sections
5um). For histological analysis the tissue sections were rehy-
drated by decreasing concentrations of ethanol and stained with
haematoxylin-eosin. Tissue specimens were evaluated under a
light microscope Olympus BX41 at 400x magnification and the
images were photographed by camera Olympus IX81 (Olympus,
Prague, Czech Republic).

2.9. TUNEL analysis

For detection of apoptotic cells in the paraffin sections of the
testes, the terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) method was employed, using an in situ
detection kit (Promega, Madison, USA) according to the manufac-
turer’s instructions. Samples were evaluated under a fluorescence
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microscope Nikon Eclipse E400, Nikon 40x Plan 40/0.65. Pho-
tographs were taken with a CCD camera VDS1300 and processed
by NIS Elements AR software. In all specimens, the number of
TUNEL-positive cells in 10 cross-sectioned seminiferous tubules
was counted and six samples from each group were evaluated. Dif-
ferences between the number of TUNEL-positive cells in the control
and experimental samples were statistically analyzed.

2.10. RNA isolation

Total RNA was extracted from the left testis of experimental
and control animals. For this extraction we used a Tri-Reagent kit
(Sigma, Prague, Czech Republic). To each testis, 1 ml of Tri Reagent
was added and the tissue was then homogenized in homoge-
nizer Precellys 24 (Bertin Technologies, Aix-en-Provance, France).
Subsequently, the samples were processed according to the manu-
facturer's instructions. Isolated RNA was stored at —70°C. The RNA
quality and purity were measured with a NanoDrop-1000 spec-
trophotometer (Thermo Scientific, Washington, USA).

2.11. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

For the synthesis of cDNA, 5 g of purified RNA was used,
to which we added 1 pl DNase 1 (Invitrogen, Eugene, USA), 1 .l
DNase I reaction buffer (Fermentas, Burlington, Canada) and H,0
to reach a volume of 10 pl. This mixture was incubated for 30 min
at 37°Cin a Touchgene Gradient Thermal Cycler (Techne, Burling-
ton, USA). After incubation, 1 ul EDTA (Fermentas) was added and
incubation continued at 65 °C for 10 min. Then 30 w1 of the reaction
mixture (8 ul of reaction buffer for M-MuLV reverse transcriptase
(Fermentas, Burlington, Canada), 5l 10mM 4dNTP (Fermentas,
Burlington, Canada), 0.3 pl RiboLock inhibitor (Fermentas, Burling-
ton, Canada), 1 pl oligo (dT)+random primers (Promega, Madison,
USA)and 15.7 pl Hy0) was added to the samples. The mixture was
incubated for 60 min at 42 °C, for 10 min at 70°C, and in the end
was maintained at 4°C. The obtained cDNA was stored at —20°C.

2.12. Quantitative polymerase chain reaction (qPCR)

Gene expression analysis was performed in BioMark (Fluidigm,
San Francisco, CA), which enables performing a large number of
real-time PCR reactions in a single run. Before performing BioMark
analysis the samples were pre-amplified. The pre-amplification
reaction was done as follows: 2 pl of cDNA (10ng RNA/pl) was
mixed with 1.2 .l of 208 nM primer mix (all primers were mixed
together, final concentration of each primer 25nM), 5l of iQ
Supermix (BioRad, Prague, Czech Republic) and 1.8 pul of Hz0. The
mixture was first incubated for 10 min at 95 °C, then followed 18
cyclesof 15sat95°C, and finally 4 min at 59 °C. Pre-amplified cDNA
was diluted 20x. The real-time PCR reactions were carried out in
GE Dynamic array 48.48 in a BioMark HD System (Fluidigm, San
Francisco, California). Five wl of Fluidigm sample premix consisted
of 1l of 20x diluted pre-amplified cDNA, 0.25 pl of 20x DNA
Binding Dye Sample Loading Reagent (Fluidigm), 2.5 .l of SsoFast
EvaGreen Supermix (Bio-Rad, Czech Republic), 0.1 pl of 4x diluted
ROX (Invitrogen, USA) and 1.15 p.l of RNase/DNase-free water. Each
5wl assay premix consisted of 2.5 wl of 10 uM primers (forward
and reversed at a final concentration of 500 nM) and 2.5 .l of DA
Assay Loading Reagent (Fluidigm, USA). Thermal conditions for
PCR were: 98 °C for 40s, 40 cycles of 95°C for 10s, and 60°C for
40s. The B-actin (Actb) reference gene was selected from several
reference gene candidates by Normfinder (GenEx Enterprise, Mul-
tiD Analyses, Sweden). The data were collected using BioMark 3.1.2
Data Collection software and analyzed by BioMark Real-Time PCR
Analysis Software 3.1.3. (Fludigm, USA).
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Gene Accession no. Nucleotide sequence 5'-3' Size of PCR product (bp)
Actb NM.007393.3 Eﬁ?ggi(éﬁfffgfégfgrcg W
Ar NM_013476.3 Ecc?gé\gfcrmﬁigﬁggggg 4
Bcl-2 NM_009741.3 /C\é(é(ég?ggfggérccccccc#/g?cc 104
cena NM.007628.3 ACAMACTATCCACGTCGGGCG i
Cendl NM_007631.2 éggggggéiégﬁéf\gg =
Crem NM_013498.2 ?ggé?r%%éﬁg:g CGCCCAGc e
Ctsd NM_009983.2 igggcccc(éigggg;?g\% ue
Dnmtl NM._010066.4 éggé?g][-‘?gg?(grﬁlg/c\é?gm 1%
Eps8 NM.007945.2 Eﬁﬂgﬁgﬂggﬁggfgf ‘ ”4
Fkbp5 NM.010220.3 gr?ggggggggggggg&? 142
Fshr NM.013523.3 g?éggﬂgﬁgfggggggrc L
Grth NM.013932.4 Iﬁ?ﬁﬁggggfgﬁfgfgm 8
Igfbps NM.010518.2 Eﬁccgggi,\n;fc%?rccﬁ‘c/\ccg& 128
Icap1 NM_008403.4 ggggggé\:gzzii%ﬁiccCGC m
Kdm4a NM.172382.2 (c;cC-rA?chScc g.crléi(écc'?gf‘%f =
Mas1 NM_008552.4 %gé\?&rgﬁgﬁgﬁr'\ccfggcrm 108
Meig1 NM_008579.4 igggggéf;%%g&% =
p21 NM.007669.4 ST A =
p53 NM_001127233.1 /c\zgg%géig%%gc%%?c "
Sox9 NM.011448.4 ig\(é(mgm(éggégggccggA 137
Spata2 NM.1707562 TGGCTCTGGAACTCGACGCTGG fis
Sycpl NM.011516.2 igﬁgﬁggﬁﬁé\gfgﬁi\ %
Sycp3 NM_011517.2 gg?gé&cccl\cccﬁcc?%%ccccim %0
hviil NM.009362.2 Zﬁ;ﬁiﬁggﬁgﬁgﬁaﬁ =l
Tnpl NM_009407.2 Eﬁf;ﬁ'égﬂcc%c'\rc?:ﬁggccgg o
Tnp2 NM.013694.4 T CEACHG0E 4
Vegfa NM_001025257.3 Ziggcﬂggggrccl\cccrr%%c L
- SR GGCGCTTTGAGGGGTCCGAC 205

AAAGTGGGCGGAGCACCGAC
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Table 2

Effect of ZE on body and organ parameters in CD1 mice. Mean +SD; n=18.
Group AGD (cm) Body weight (g) Testes (g) Prostate (g) Seminal vesicles (g) Epididymis (g)
Control 1.57 £ 0.15 35.10 + 2.53 0.261 + 0.030 0.159 + 0.030 0.310 + 0.052 0.088 + 0.010
High dose 1.53 + 0.12 33.81 + 4.30 0.239 + 0.022 0.156 + 0.036 0.291 + 0.066 0.084 + 0.006
Low dose 1.48 + 0.07 34.63 + 2.36 0.248 + 0.023 0.151 + 0.036 0.309 + 0.041 0.087 + 0.007

The cut-off value for Cq was set at 25 and values higher than
that were replaced by the Cq value of 25. The missing data were
filled with maximum of a column plus 1. Data were normalized
with 3-actin. The fold change in expression was calculated using
the 2-24ACd method | 16] for each sample and then expressed as the
mean of all these fold changes. The control was set at 100% and
experimental samples were compared to the control.

2.13. Selected testicular genes

Twenty-eight genes that are expressed in testicular tissue, and
thus can influence the process of spermatogenesis and conse-
quently the sperm quality, were tested. The tested genes can be
divided into five groups - genes expressed in the germinal cell
line (Vegfa, Sycp3, Sycp1, Ccnal, Meigl, Grth, Prm1, Tnpl, 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). Primer properties are summarized in Table 1.

2.14. Statistical analysis

Statistical analysis was performed in STATISTICA 7.0 (StatSoft,
Prague, Czech Republic). The number of offspring was analyzed by
the Mann-Whitney U-test. The body weight was compared using
the analysis of variance (ANOVA), and post hoc analysis was per-
formed using the Newman-Keuls test. The weights of individual
organs were compared using the analysis of covariance (ANCOVA)
and the body weight was used as a covariate. Data obtained from
the sperm analysis and TUNEL method were analyzed using the
Kruskal-Wallis ANOVA; post hoc analysis was performed again
using Dunn’s test. Statistical analysis of gene expression was per-
formed in Genex 5.3.7 (MultiD Analyses, Sweden) using one-way

ANOVA, and post hoc analysis was performed using the Dunnett
test. A P-value lower than 0.05 was identified as statistically
significant. *P<0.05, **P<0.01, ***P<0.001.

3. Results

3.1. Number of progeny; sex ratio; body and organ weight

Male mice were exposed to two different concentrations of ZEA
during gestation, lactation, pre-pubertal and pubertal period, and
up to adulthood. To evaluate the effect of ZEA on the male repro-
ductive tract, the body and organ weight, number and sex ratio
of progeny, and anogenital distance (AGD) were measured. Indi-
viduals from experimental groups were compared with control
animals. This model was used in all subsequent measurements.
ZEA had no effect on the number of progeny and sex ratio in both
experimental groups (not shown). AGD and body weight as well as
the weight of reproductive organs were not affected in these two
groups (Table 2).

3.2. Sperm parameters

To evaluate the effect of ZEA on sperm quality, the sperm
morphology (Fig. 1), viability and state of acrosome were evalu-
ated. It was shown that ZEA induced a decrease in sperm quality
mainly in animals exposed to the low dose of ZEA. In this group
we detected significantly decreased sperm concentration (by 40%)
and increased number of morphologically abnormal spermatozoa.
Moreover, a significantly increased number of apoptotic spermato-
zoa and changes of acrosome staining were observed in this group.
However, the sperm parameters of animals exposed to the high
dose were also affected. We detected an increased number of apop-
totic spermatozoa and changes in acrosome staining in samples
obtained from this group (Table 3).

Fig. 1. Exemplary pictures from light microscopy showing sperm with normal (A) and aberrant morphology (B-J).
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Table 3

Effect of ZE on sperm parameters of CD1 mice. The sperm status was analyzed by monoclonal antibodies against intra-acrosomal sperm protein (pHs-14), Hoechst 33342
(viability) and Annexin V kits. The mixture of sperm suspension was smeared onto glass slides for immunocytochemical analysis. Two hundred cells (sperm) were evaluated

on each glass slide. Mean + SD; n=18.

Group Sperm concentration Sperm morphology Sperm viability (% Annexin V (% of HS-14 (% of acrosome
(x10%/ml) (% of normal cells) of live cells) positive cells) positive cells)
Control 38.70+9.35 93.60 + 1.60 91.00+1.41 61.00 +2.45 72.10+1.96
High dose 29.90+11.71 91.25+3.02 89.80+1.17 70.50 +£2.26 76.60 £3.58'
Low dose 23.80+9.75 91.20+1.93 89.40+1.34 84.00+3.16 76.40+3.98"
* P<0.05.
" P<0.01.
™ P<0.001.

3.3. Histology of testes

Histological analysis was performed with testis paraffin sec-
tions. Morphology of seminiferous tubules and the process of
spermatogenesis were evaluated visually under a microscope. In
experimental groups no pathological patterns in the morphology
of seminiferous tubules were observed compared to the control.
Also, the process of spermatogenesis was not interrupted. In all
groups, spermatogonia, spermatocytes and prolonged spermatides
released into the lumen of seminiferous tubules were visible. Dur-
ing the examination of histological slides we did not observe any
statistically significant differences in the absolute number of appro-
priate cell types between control and experimental groups. The
group exposed to the high dose had a higher number of Sertoli cells
and lower number of spermatogonia and spermatocytes compared
to the control, but the differences were not significant (data not
shown).

3.4. TUNEL analysis

TUNEL analysis was used to detect apoptotic cells in the testis
paraffin sections. In the group exposed to the low dose we observed
a slightly higher incidence of apoptotic cells, but the values did not
reach the level of significance (Fig. 2). TUNEL-positive cells were
observed mainly in the basal lamina of seminiferous tubules.

3.5. Real-time PCR of testicular genes

Genetic analysis was performed by quantitative Reverse Tran-
scription Polymerase Chain Reaction (qPCR), which was performed
using BioMark. The list of the tested genes (see Section 2.13)is given
in Table 1.

Our experiments showed changes in the expression pattern of
germinal cell-specific genes mainly in group, which was exposed
to the lower concentration of ZEA. In this group we observed signif-
icantly decreased expression of the Vegfa gene, which is expressed

TUNEL analysis
14

12

10

—

Number of TUNEL positice cells

S

Low dose

Control High dose

Groups
Fig. 2. Number of TUNEL-positive cells in testicular tissue sections. The high-dose

group was exposed to 150 pg/l of ZE; the low-dose group was exposed to 0.15 pg/l
of ZE. Mean £SD; n=18.
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specifically in spermatogonial cells. We also detected decreased
expression of several genes specific for spermatocytes - Sycp3,
Ccnal, and Grth and increased expression of gene Sycp1, which is
also expressed in spermatocytes. Expression of the genes specific
for round spermatids was not changed. In group exposed to the
high dose we did not detect any significant changes in the expres-
sion of the tested germ-cell genes. The results are summarized in
Fig. 3.

In the case of genes expressed specifically in Sertoli cells, we
detected significantly decreased expression of Sox9 genes in both
groups and also decreased expression of Wt1 genes in the group
exposed to the high dose. In the group exposed to the low dose we
detected increased expression of the Mas1 gene. Two other tested
genes (Eps8 and Icap1) did not reveal any significant changes in
gene expression (Fig. 4).

We detected decreased expression of the gene for androgen
receptor (Ar) and its component Fkbp5. Expression of the genes
playing a role in the response to oestrogen stimuli (Tff1, Igfbp5
and Ctsd) was not changed. Expression of the gene for follicle-
stimulating hormone receptor (Fshr) was not significantly changed
(Fig. 5).

Among the tested apoptotic genes we found two genes with
decreased expression, p53 and p21; the decrease was observed in
both experimental groups. Expression of the Bcl2 gene was not
changed (Fig. 6).

In the case of genes related to epigenetic processes, we detected
significantly decreased expression of genes for Ccnd1 and Dnmt1
in the animals exposed to the low dose of ZEA and significantly
decreased expression of genes for Ccnd1, Kdm4a and Spata2 in
animals from group exposed to the high dose (Fig. 7).

4. Discussion

The aim of this study was to describe the influence of the myco-
toxin zearalenone on the reproductive parameters and expression
of selected genes in CD1 outbred mice. The tested reproductive
parameters included the number of progeny in the parental gener-
ation, body and organ weight, anogenital distance, sperm quality,
histopathology of the testes, apoptotic stage of testicular cells, and
the expression profile of testicular genes in the offspring. Exper-
imental animals were exposed to two different concentrations of
ZEA, which was administered in drinking water. One group was
exposed to the concentration of 150 pg/l and the other group to
1000 times lower concentration — 0.15 p.g/l. The control group was
not exposed at all. The average daily dose of ZEA for an adult man
ranges from 2.4 to 29 ng/kg b.w. [ 2], which corresponds to our low
dose (~25ng/kg b.w.). Experimental animals were exposed starting
from the first day of mothers’ pregnancy up to the age of 70 days,
when the animals were killed and subjected to analysis.

Our work is unique because, compared to other studies, it
is focused on the effect of a low concentration of ZEA. The low
concentration that was used in our experiment corresponds to
the average concentration to which is exposed human population.
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Fig. 3. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) analysis of genes expressed in testicular germ cells. In this study, genes for vascular
endothelial growth factor (Vegfa), synaptonemal complex protein 3 (Sycp3), synaptonemal complex protein 1 (Sycp1), cyclin A1 (Ccnal), meiosis expressed gene 1 (Meigl),
DEAD box polypeptide 25 (Grth), protamine 1 (Prm1), transition protein 2 (Tnp2) and transition protein 1 (Tnp1) were tested. The graph illustrates the relative expression of
the selected genes. The control group represents 100% and the percentage in the experimental groups represents the ratio of gene expression between the treated groups
and the control group. Whiskers indicate the standard error. *P<0.05, **P<0.01. Mean + SE; n=9.

Animals exposed in utero were born with no observable patholo-
gies; the number or sex ratio of the progeny was not affected in both
concentration groups. In adult males we did not observe reduced
body or reproductive organ weight, and the seminiferous tubules
were morphologically normal with ongoing spermatogenesis. The
first effect was observed during the evaluation of sperm param-
eters. We detected decreased sperm concentration, increase of
morphologically abnormal spermatozoa and increased binding of
apoptotic marker annexin V in the low-dose group. The decreased
sperm quality and sperm count was also observed in the study by
Yangetal.[10] after daily intraperitoneal injections of ZEA given for
7 days. It should be noted that the decrease in sperm concentration
inthe group exposed to the low concentration was almost 40%. Nev-
ertheless, aninitial concentration of about 38.7 million sperm/ml is
still sufficient for reproduction. However, in case of human popula-
tion where low quality of human sperm is observed, ZEA can have
a significant effect on human fertility. Since the TUNEL method

Sertoli cells gene markers
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did not reveal any increase of apoptotic cells in the testes, and the
expression of apoptotic genes was not changed in this group, it can
be assumed that the reduction in the number of mature spermato-
zoa originated already at the level of spermatogonia. This would be
in agreement with the decreased expression of the spermatogonial
Vegfa gene (Fig. 3). The decreased number of spermatogonia after
ZEA treatment was also found in the study by Filipiak et al. [13]
in pubertal rats. On the other hand, two other studies have shown
that ZEA is able to induce apoptosis in testicular tissue of the
exposed animals [11,12]; however, in these studies much higher
concentration of ZEA or different type of exposure was used.

Besides evaluation of reproductive parameters, we focused on
the detection of changes in gene expression. It has been shown
previously that ZEA is able to significantly influence the expression
of testicular genes and thus negatively affect spermatogenesis [17].
In total we evaluated 28 genes. These genes were divided into five
groups according to their function.

B Control

* High dose

B Low dose

=

N

Icap1 Mas1

Fig. 4. Quantitative Reverse Transcription Polymerase Chain Reaction (qQRT-PCR) analysis of genes expressed in Sertoli cells. In this study, genes for SRY-box containing gene
9 (Sox9), Wilms tumour 1 (Wt1), epidermal growth factor receptor pathway substrate 8 (Eps8), integrin beta 1 binding protein 1 (fcap1) and MAS1 oncogene (Mas1) were
tested. The graph illustrates the relative expression of the selected genes. The control group represents 100% and the percentage in the experimental groups represents the
ratio of gene expression between the treated groups and the control group. Whiskers indicate the standard error. *P<0.05, **P<0.01. Mean + SE; n=9.
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Genes involved in hormonal response
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Fig. 5. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) analysis of genes playing a role in the response to various hormonal stimuli. In this study,
genes for androgen receptor (Ar), FK506 binding protein 5 (Fkbp5), trefoil factor 1 (Tff1), insulin-like growth factor binding protein 5 (Igfbp5), cathepsin D (Ctsd) and follicle-
stimulating hormone receptor (Fshr) were tested. The graph illustrates the relative expression of the selected genes. The control group represents 100% and the percentage in
the experimental groups represents the ratio of gene expression between the treated groups and the control group. Whiskers indicate the standard error. *P<0.05. Mean =+ SE;

n=9.

The first group included genes regulating apoptosis — p53, p21
and Bcl2 (Fig. 6). p53 is an evolutionarily very conserved tumour
suppressor protein that regulates the cell cycle, DNA repair, and
apoptosis and it is also a transcription factor for p21 and Bax genes.
In this study we detected decreased expression of genes for p53 and
p21 proteins in both experimental groups, although in the group
exposed to the low dose the effect was slightly more noticeable.
Since the expression of p53 and p21 is interrelated, it is not sur-
prising that the change in their expression was nearly identical.
The fact that these genes were downregulated indicates that ZEA
had probably no effect on DNA damage. Expression of the gene
encoding the antiapoptotic protein Bcl-2 was not changed, and our
previous results (TUNEL assay) also did not show any changes in
the number of apoptotic cells in testicular tissue (Fig. 2). A study
made in fish Kryptolebias marmoratus has shown that short-term
exposure to various endocrine disruptors (ED) such as bisphenol
A or 4-nonylphenol increased p53 expression, but after long-term
exposure the expression of p53 declined. The authors suggest that
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this may lead to an increased risk of potential cancer development
[18].

Among further tested genes were genes expressed in testicular
germ cells. The gene for protein Vegfa is expressed in spermatogo-
nial cells and it plays a role during self-renewal and differentiation
of these cells [19]. It has been shown that in vitro treatment of
bovine testicular tissue with Vegfa results in significantly more
differentiating germ cells in bovine testis and conversely, block-
ing Vegfa activity leads to significantly reduced numbers of germ
cells [20]. Vegfa thus may support germ cell survival and sperm
production. We detected decreased expression of this gene in the
group exposed to the low dose of ZEA. We also tested expression of
the genes specific for spermatocytes — Sycp1, Sycp3, Ccnal, Meigl
and Grth. Sycp1 and Sycp3 are the main components of synaptone-
mal complex (SC) - structure playing a crucial role in synapsis and
recombination during meiosis. After exposure to the low concen-
tration of ZEA the expression of Sycp3 decreased by almost 50% and
conversely, the expression of Sycp1 increased to 206% compared to

@ Control
High dose

B Low dose

L

p21

Fig. 6. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) analysis of genes playing a role in apoptosis. In this study, genes for tumour protein p53
(p53), B-cell leukaemia/lymphoma 2 (Bcl2) and cyclin-dependent kinase inhibitor 1A (p21) were tested. The graph illustrates the relative expression of the selected genes.
The control group represents 100% and the percentage in the experimental groups represents the ratio of gene expression between the treated groups and the control group.

Whiskers indicate the standard error. *P<0.05. Mean =+ SE; n=9.
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Fig. 7. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) analysis of genes that are related to epigenetic processes. In this study, genes for cyclin
D1 (Cend1), cAMP responsive element modulator (Crem), lysine (K)-specific demethylase 4A (Kdm4a), spermatogenesis associated 2 (Spata2) and DNA methyltransferase
(cytosine-5) 1 (Dnmt1) were tested. The graph illustrates the relative expression of the selected genes. The control group represents 100% and the percentage in the
experimental groups represents the ratio of gene expression between the treated groups and the control groups Whiskers indicate the standard error. *P<0.05, **P<0.01.

Mean +SE; n=9.

the control. However, it is unlikely that these two proteins could
functionally substitute for each other because they have different
functions - Sycpl forms transverse filaments while Sycp3 forms
lateral filaments of SC [21]. Recent studies have shown that Sycp1
and Sycp3 are also required for centromere pairing in the mouse,
which is important for proper chromosome segregation [22 . Errors
in meiotic chromosome segregation are the main cause of human
aneuploidy, and therefore their altered expression, especially lack
of Sycp3, could have a negative effect on the sperm quality. In
the group exposed to the low dose we also detected about 50%
decreased expression of cyclin Al (Ccnal) compared to control.
Cyclins are proteins regulating the eukaryotic cell cycle. Ccnal is
expressed in meiotic cells and it has been shown that it is essential
for spermatocytes to go through the first meiotic division. Ccnal—/-
mice were sterile due to the block of spermatogenesis before
the first meiotic division [23]. Mice with heterozygous mutation
(Cenal*/~) were subfertile because of a low sperm count. Ccnal*/~
male mice had about half the cyclin A1 protein compared to nor-
mal mice. All types of spermatogenic lineage cells were present,
but the number of haploid spermatids and spermatozoa was sig-
nificantly lower [24]. We can therefore say that the phenotype of
Ccnal*/~ mice is similar to the phenotype observed in the animals
exposed to the low dose of ZEA, in which we detected about half
the level of Ccnal mRNA and nearly 40% fewer spermatozoa com-
pared to the control, but at the same time we were able to observe
ongoing spermatogenesis. We also detected decreased expression
of testis-specific gonadotropin-regulated RNA helicase (Grth) in the
testes of animals from the low-dose group. Grth is expressed in Ley-
dig and germ cells (spermatocytes and round spermatids) and it is
target of gonadotropin and androgen action. Grth knockout mice
(Grth=!-) suffer from azoospermia caused by spermiogenesis fail-
ure. Grth is an mRNA-binding protein that controls translation of
mRNA whose proteins are expressed in different phases of spermio-
genesis, e.g. transition proteins or protamines [25]. In our study we
did not detect any changes of gene expression of transition pro-
teins 1 and 2 or protamine 2 either; however, we have not tested
the protein level and therefore we cannot say whether the trans-
lation was affected or not. Nevertheless, the decreased expression
of Grth could contribute to the decreased sperm quality of animals
exposed to the low dose. Taken together, it seems that ZEA may
influence the spermatogonial cells - their differentiation and self-
renewal - and also the spermatocytes by affecting expression of
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several important meiotic genes. This might be the reason for the
decreased number of epididymal spermatozoa and their decreased
quality in animals exposed to the low dose.

To assess the potential effect of ZEA on Sertoli cells we examined
the expression profile of several Sertoli cell-specific genes (Fig. 4).
One of them was nuclear transcription factor Sox9, which is prefer-
entially expressed in Sertoli cells. In the testis of fertile one-year-old
rats the Sertoli cells of some tubule segments were strongly positive
for Sox9 whereas other were negative, and further studies showed
that the reaction varied systematically according to the zone or
stage of spermatogenesis. In general, it is possible to say that a
prominent presence of Sox9 in the Sertoli cells is related to abun-
dant mitosis and meiosis [26]. Decreased expression of the Sox9
gene was detected in both groups. This effect was more obvious in
the group exposed to the high dose (reduced by 38%) than in the
group with low exposure (reduced by 32%) and could be caused
by decreased spermatogenesis in these groups. We also analyzed
expression of transcription factor Wt1, which is specific for foetal
and adult Sertoli cells. Disruption of Wt1 expression in adult Ser-
toli cells leads to interruption of apical ectoplasmic specialization
(ES) (junctional complex between Sertoli cells and elongating sper-
matids). This can cause increased germ-cell apoptosis and reduced
sperm count or motility. In mice with impaired expression of Wt1
in Sertoli cells, dysregulation of several other genes was observed.
Among these were genes for Eps8 and Icap1-«, which are impor-
tant signalling molecules in apical ES [27]. We detected decreased
expression of the Wt1 gene in the group exposed to the low dose
(reduced by 28%); however, we did not detect any significant
changes in the expression of Eps8 and Icapla genes. We therefore
assume that apical ES were not substantially affected in the testes of
experimental animals. Another tested gene whose expression was
increased in the group exposed to the low dose was Mas1. Mas1 is a
G-protein-coupled receptor which is expressed in Sertoli and Ley-
dig cells. Studies of Mas-knockout mice showed that lack of Mas1
affects the expression of enzymes involved in the biosynthesis of
testosterone in Leydig cells. This suggests a possible role of Mas1
in the regulation of androgen metabolism in the male reproductive
system [28].

Another group of tested genes included the genes that are
somehow connected with epigenetics (Fig. 7). One of them
was DNA methyltransferase 1 - Dnmtl. Dnmtl has preference
for hemimethylated DNA and thus is critical for maintaining
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the methylation pattern during DNA replication. The protein is
localized in the nuclei of all male germ cells up to pachytene
spermatocytes and it is important for proper spermatogenesis
[29]. We detected decreased expression of this gene in animals
exposed to the high dose of ZEA. Another tested gene was the
gene for lysine-specific demethylase 4A (Kdm4a), which specif-
ically demethylates histone H3K9. Its expression is restricted to
post-meiotic male germ cells and it is highest in round spermatids.
In Kdm4a-deficient mice, chromatin condensation defects were
observed and it has also been shown that Kdm4a directly binds
to Tnp1 and Prm1 genes and thus controls their expression [30]. It
has also been reported that Kdm4a interacts directly with andro-
gen receptor (Ar) and is involved in transcription activation of
target genes [31]. We detected significantly decreased expression
of Kdm4a in the group exposed to the low dose. However, nei-
ther Prm1 nor Tnpl expression was changed in this group and
on the other hand, the expression of Ar was decreased. Here, we
can only speculate whether the decreased expression of andro-
gen receptor was linked with decreased expression of Kdm4a or
whether it had another cause. We also tested the expression of
spermatogenesis-associated protein 2 (Spata2). Spata2 is expressed
in Sertoli cells, where its expression is developmentally regulated.
Its expression is stimulated by FSH and might also be regulated by
methylation of its promoter [32]. We detected decreased expres-
sion of this gene in the group exposed to the low dose. The last
tested gene was Ccnd1 - G1/S-specific cyclin D1. Expression of the
cyclin D1 gene is regulated by methylation of its promoter. Ccnd1
together with cyclin-dependent kinases 4 and 6 regulate the cell
cycle transition from G1 to S phase [33]. We detected reduced
expression of this gene in both treated groups. It is hypothesized
that exposure to environmental pollutants may induce epigenetic
changes. For example, a study of Stouder and Paolini-Giacobino
|34] showed that endocrine disruptor vinclozoline is able to induce
some epigenetic changes. In this study alterations in the imprint-
ing of five paternally/maternally imprinted genes in the sperm
of the offspring after administration of vinclozoline to pregnant
female mice were observed. Another study showed an association
between imprinting errors and azoospermia [35]. These findings
indicate that epigenetics could be one of the mechanism by which
the endocrine disruptors act.

We have also analyzed expression of the genes playing a role
in the response to androgen (Ar, Fkbp5) and oestrogen (Tff1, Igfbp5,
Ctsd) stimuli. In the group exposed to the low dose, we detected
decreased expression of the gene for androgen receptor (Ar) and its
component Fkbp5. Contrary to that, we did not detect any changes
in the expression of oestrogen-responsive genes. In general, zear-
alenone is considered to be a substance with oestrogenic activity.
This has been shown in many studies in vitro as well as in vivo.
Qestrogenic activity in vitro has been proven by E-screen assays
on MCF-7 cells [36]. In another study, authors elegantly demon-
strated that ZEA acts as a full agonist to ERa-mediated transcription
and a mixed agonist/antagonist for ERB [37]. The effect of ZEA in
female laboratory animals such as mice [38,39], rats [40] or pigs
[41] also demonstrates its oestrogenic activity. The in vivo effect of
ZEA on male mice is not so clear. Several studies have shown that
ZEA influences the testosterone level in vitro [9] as well as in vivo
[ 10]. Moreover, it has been demonstrated that in utero exposure
to ZEA results in increased foetal anogenital distance, indicating
an androgenic effect during foetal development [42]. In our study
we did not observe any noticeable oestrogen effect of ZEA on male
mice, but on the other hand we detected decreased expression of
Ar and its component Fkbp5. Taken together with the increased
expression of the Mas1 gene and decreased expression of the Grth
gene, we can assume that during our study ZEA also had a certain
effect on the androgen hormonal system. Moreover, this idea is
supported by previous studies on specific localization of ZEA to the
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site of testosterone synthesis in the interstitial region of the testes
[43].

Animals exposed to the low ZEA concentration were affected
considerably more than animals exposed to the high ZEA con-
centration. A similar result was observed in our laboratory for
endocrine disruptor bisphenol A (BPA); the lower dose had a greater
negative impact on the reproduction parameters and fertilization
of mice in vivo [14]. BPA has been used as a model for the low
dose effect and non-monotonic dose-response curve studies of
endocrine disrupting chemicals. It was shown to directly bind to
ER, albeit with lower affinity than natural oestrogen. It is worth
noting that BPA showed both antiestrogenic and antiandrogenic
effects and interfered with thyroid hormone action [44,45].

This phenomenon, when lower dosages of hormones have
some effect while the high dosages have no or opposite effect, is
quite common in endocrinology. There are several explanations
for this phenomenon. The hormonally active endocrine disrupt-
ors interfere with endogenous hormones and act through the
same mechanism, which means they bind to the receptors that
subsequently mediate the response which depends on ligand con-
centration [46]. 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 [47]. Apparently
different responses may therefore be observed depending on the
hormone concentration.

5. Conclusion

Our study showed that a low concentration of mycotoxin zear-
alenone is able to negatively influence the sperm parameters and
testicular gene expression of CD1 mice in vivo. In experimental
animals we detected decreased sperm concentration (by 40%) and
impairment of sperm quality (morphology and increase of apop-
totic spermatozoa). Based on our experiments we can assume that
the decrease in sperm concentration has its origin at the level of
spermatogonia. The meiotic phase of spermatogenesis was affected
by ZEA as well, and this could have caused further decrease of
sperm quality. Our results have also shown that the lower dose
of ZEA had a greater effect on the sperm quality and expression
of important testicular genes. One possible explanation could be
that zearalenone acts at the hormonal level, and it is known that a
low concentration of a hormone may act stimulatingly, while high
concentrations may have an opposite or no effect.
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Abstract

Background: High-throughput studies provide a wide spectrum of genes for use as predictive markers during
testicular sperm extraction (TESE) in combination with ICSI. In this work, we used the specimens from testicular
biopsies of men with non-obstructive azoospermia who underwent TESE to investigate the expression of
spermatogenesis-related genes MNDT, SPATA22, GAPDHS and ACR.

Methods: Testicular biopsy specimens were subdivided into three groups: hypospermatogenesis (HS); maturation

arrest (MA); and Sertoli cell-only syndrome (SCO). The levels of expression of the spermatogenesis-related genes
MND1, SPATA22, GAPDHS and ACR in the testes were compared among these three groups using the reverse

transcription polymerase chain reaction (RT-PCR) technique.

Results: Analysis of the expression of spermatogenic genes in human testes with abnormal spermatogenesis
showed different expression patterns in patients from different groups. Fertilization rate for studied set of patients
was 66% and pregnancy rate 29%. For HS group fertilization rate was 72% and pregnancy rate 32%, while for MA
group fertilization and pregnancy rates were 54% and 26%, respectively. Fertilization rates in relation to the studied
genes were uniformly around 70%, pregnancy rates for ACR and GAPDHS genes were surprisingly low at 6% and
8% correspondingly.

Conclusions: Analysis of the expression of genes involved in spermatogenesis can be a fast additional test for the

level of spermatogenesis in testicular samples.

Keywords: Non-obstructive azoospermia, Human testes, Biopsy, Spermatogenesis, Gene expression, 1CS|

Background

Testicular tissue is composed of many cell types serving
as spatio-temporal environment for the male germ cell
development. It is the only place in the male organism
where meiosis occurs. After meiotic division, gene ex-
pression continues in haploid cells until chromatin con-
densation to produce proteins necessary for the final
stages of spermatogenesis [1]. Germ cells also employ
mechanisms for mRNA storage and delayed translation
after chromatin has already been packaged. The final
products of spermiogenesis are highly differentiated
sperm cells, which are transcriptionally inactive. The rate
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of cell proliferation in testicular tissue is higher than in
other tissues due to continuous sperm production. All
these facts make gene expression analysis of testicular
tissues extremely important.

Changes in the complex process of spermatogenesis
caused by genetic background or environmental factors
can lead to male infertility. Infertile men with no sperm
cells in the ejaculate can father a child with the help of
assisted reproduction techniques using testicular sperm.
Intracytoplasmic sperm injection (ICSI) can be success-
ful in men with non-obstructive azoospermia, but it can-
not help patients with Sertoli cell-only (SCO) syndrome.
Genome-wide expression studies of large groups of pa-
tients were performed to analyse the general changes in
global gene expression of patients with infertility pheno-
types [2-5]. This led to the identification of gene clusters

© 2013 Dorosh et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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that were differentially expressed in patients with sperm-
atogenesis defects [4]. High-throughput studies provide
a wide spectrum of genes for use as markers in the com-
bination of testicular sperm extraction (TESE) with ICSIL
Forty-seven genes exhibiting differential testicular gene
expression associated with male infertility were detected
in mice and 19 in humans [6]. They included genes in-
volved in DNA repair, glutathione metabolism, proteoly-
sis, spermatogenesis and stress response. These findings
enabled the identification of markers for specific stages
of spermatogenesis and the presence of somatic cells,
thus improving infertility diagnostics.

In this work, we used the specimens from testicu-
lar biopsies of infertile men who underwent TESE
for the ICSI procedure and investigated the expres-
sion of spermatogenesis-related genes. The GAPDH
gene is expressed in somatic testicular cells and sperm-
atogonia. Two genes, MNDI1/GAJ] and SPATA22, are
expressed prior to meiotic division and their corre-
sponding proteins are involved in meiotic progression
during spermatogenesis. GAPDHS and ACR genes
reach the highest expression levels in haploid sperma-
tids and are important for the sperm function.

Methods

Patients

Testicular tissue samples were collected from patients
treated for infertility in ISCARE LV.F. a.s. A total of 47
biopsy samples were obtained from azoospermic men
aged 27-63 years. All patients enrolled in the study
underwent testicular biopsies within their treatment and
gave their written informed consent with donating the
used material for the purposes of this research project.
The study was approved by the institutional review
board at the Institute of Biotechnology.

TESE procedure, sperm extraction and ICSI

Testicular sperm extraction (TESE) was performed as
previously described [7]. Briefly, small pieces of testicular
tissue were placed in a Petri dish in Flushing medium
(Medicult, Copenhagen, Denmark) and cupped up using
two sterile needles. The fragmented tissue was assessed
for the presence of motile spermatozoa under the phase
contrast microscope. The suspension of cells was cul-
tivated for 24—48 hours before injection or freezing
procedure. Prior to the sperm retrieval procedure, a
small piece of testicular tissue was taken for histo-
logical examination.

TESE samples were divided into three groups: hypo-
spermatogenesis (HS), maturation arrest (MA), and
Sertoli cells only syndrome (SCO), with a histopathology
score counting according to Holstein et al. [8]. The cor-
responding grades were 6-8 for HS, grades 3-5 for MA
and grade 2 for the SCO group.
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ICSI procedures were carried out according to Silber
et al. [9]. The sperm cells were incubated in droplets of
5 pl of Flushing medium (Medicult) with 30% of human
serum for 2 hours followed by injection into the oocyte.
The fertilization rate was assessed approximately 18 h
after the injection by the presence of two pronuclei and
second polar body and was quantified as a percentage of
fertilized mature oocytes. Clinical pregnancy was con-
firmed by observing the gestational sac or detecting
foetal heart beats.

RNA purification

RNA purification was performed with the same piece of
testicular tissue that was used for the sperm extraction
and subsequently cryopreserved. Testicular biopsies with
the residual medium were thawed directly in RNAlater
RNA Stabilization Reagent (Qiagen, Chatsworth CA)
and samples were homogenized with the Precellys 24 tis-
sue homogenizer (Bertin Technologies, France). Total
RNA was purified from the tissue samples using the
RNeasy lipid tissue mini kit (Qiagen, Chatsworth CA)
according to the manufacturer’s instructions and stored
at —70°C. The concentration and purity of the purified
RNA was determined by UV spectrophotometer Helios
o« (Thermo Electron Corporation, Marietta, USA) and
confirmed by agarose gel electrophoresis. Human total
testicle RNA, 1 mg/ml (Ambion®, Life Technologies™,
Carlsbad CA), was used as a positive control.

RT-gPCR

Reverse transcription and subsequent RT-qPCR was
performed as previously described [10]. Briefly, prior to
reverse transcription, purified RNA was treated with
RNAse-free DNAse 1 (Fermentas, Burlington, Canada)
for 40 min. Template cDNA was synthesized from 1 ug
of total testicular RNA using SuperScript” III Reverse
Transcriptase (Invitrogen, Life Technologies, Carlsbad
CA) or RevertAid™ Reverse Transcriptase (Fermentas,
Burlington, Canada) with combination of random hexamer
and poly(dT) primers (1:1) in a Touchgene Gradient Ther-
mal Cycler (Techne, Burlington, USA). The qPCR condi-
tions were: initial denaturation for 15 min, followed by
40 cycles of denaturation at 94°C for 20 sec, annealing at
60°C for 30 sec, and extension at 72°C for 30 sec. Following
PCR reaction, the melting curve was constructed by in-
creasing the temperature from 72 to 95°C to ensure that
the correct product is amplified in the reaction. PCR was
repeated three times in doublets for each gene, and the
average Ct was used for further analysis. Gene-specific
primers for PPIA, GAPDHS and ACR were designed using
the advantages of Primer3 software and BLAST alignment
of Primer-BLAST service from NCBI [11]. Three best
primer pairs overlapping the intron sequence were or-
dered and after pretesting, the best of them was used
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for gene expression analysis. Due to the large amount of
pseudogenes for GAPDH gene in human genome [12],
neither of the three primer pairs ordered was suitable be-
cause of the dimer formations, and the primers used were
as in Barber et al. [13]. Primers for MNDI and SPATA22
were as in Okada et al. [4]. The PPIA (peptidylprolyl iso-
merase A (cyclophilin A)) gene was used as a reference
gene. Primer properties are summarized in Table 1.

Statistical analysis

Experimental data were analysed using STATISTICA 6.0.
and GraphPad Prism 5.04. The differences between the
control and experimental groups in the relative gene ex-
pression were analysed by KW ANOVA, and post hoc ana-
lysis was performed by Dunn’s test. The p value that was
equal to or lower than 0.05 was considered to be significant
and was indicated with red asterisk in the column.

Results

A total of 47 testicular biopsies were analysed. As the
specimens were primarily used for sperm retrieval, in 13
cases the level or purity of isolated RNA was not suffi-
cient for further studies. In the remaining 34 samples,
morphological examination diagnosed nine biopsies as
Sertoli cell only (SCO, 26%), 12 as maturation arrest at
spermatocyte stage (MA), 12 as hypospermatogenesis
with few sperm cells present (HS) and one sample as ob-
structive azoospermia with normal spermatogenesis. A
commercial total testicular mRNA was used as a positive
control for the gene expression.

Table 2 summarizes individual characteristics of the
in vitro fertilization process, numbers of fertilized
oocytes, embryo transfers and the cycles as well as oc-
currence of clinical pregnancy. Fertilization rate for all
studied samples was 63%, in particular, for HS subset -
72% and MA subset — 54%. Pregnancy rate rate was
29% for whole set of patients, from this 32% for HS
group and 26% for MA group. For samples with posi-
tive expression of studied genes fertilization rate for
GAPDHS positive subset was 66%, ACR - 71%,
SPATA22 — 68%, MNDI — 70%, pregnancy rates were
8%, 6%, 18% and 36% respectively.

Table 1 Primer sequences

Gene Accession no. Forward primer sequence
(5'->3"

MNDT NM_032117.3 GITGATGATGGTATGGTTGACTGTG

SPATAZ22 NM_032598.4 TGGCGTGAACATGCACAGAA

GAPDHS NM_014364.4 AAGGGGCCCATGGCTGGCATC

ACR NM_001097.2 TTGCTAAAGATAACGCCACGTGTGA

GAPDH NM_002046.4 GAAGGTGAAGGTCGGAGTCAAC

PPIA NM_021130.3 CCCACCGTGTTCTTCGACATT
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Testicular biopsy of OA showed a similar expression
pattern to that of commercial testicular RNA (Figure 1).
Three samples (10-12) from the HS group and six
from the MA group (17-24) showed no or low expres-
sion of the studied genes. In the SCO group, two samples
(25 and 26 in Table 2) showed decreased expression of
the tested genes, whereas in the remaining seven biopsies
only residual presence of GAPDHS, ACR and SPATA22
could be detected.

In patient 9 from the HS group and patients 22 and 23
from the MA group the expression of MNDI1 and
SPATA22 was detected and no ACR or GAPDHS gene
products were found.

Next, we looked whether any difference in relative ex-
pression of the studied genes could be found between
the histological groups of HS, MA and SCO. Relative
gene expression was significantly decreased for SPATA22
and GAPDHS in the SCO group (Figure 2). The ACR
gene was downregulated as well, but due to high inter-
individual differences and the low number of studied
samples in the groups the decrease was not significant.

Discussion

The main goal of all analytic procedures in patients with
non-obstructive azoospermia is to quickly obtain reliable
data for successful prediction of testicular sperm re-
trieval. Some laboratories attempted to predict sperm-
atogenesis with non-invasive techniques with differing
success [14-16]. To date, the only generally accepted
reliable predictor of successful TESE is testicular hist-
ology [17]. Analysis of the germ cell-specific gene ex-
pression in testicular samples can provide an additional,
supplementing approach to increase the prediction of
positive TESE outcome.

Testicular transcriptome consists of gene expression
patterns of both somatic and germ cells and has been in-
tensively studied in recent years [3]. The first studies
were focused on describing the global testicular gene ex-
pression and identifying testicular genes in mice [18]
and human [19]. Shima et al. [1] took advantage of the
first synchronous wave of spermatogenesis in pubertal
mice to locate the gene products to specific testicular

Reverse primer sequence PCR product Reference
(5'->3") size, bp
CCCTCAGACAACTGAGATTCCAGA 125 5
TTCGAATAATATGGGCCAGGTGTAA 89 5
GCATCGAAGATGGACGAGTGGGT 92 this MS
ATTTTTGCCGACGAAGCAGTGAGC 230 this MS
CAGAGTTAAAAGCAGCCCTGGT 71 11
GGACCCGTATGCTTTAGGATGA 275 this MS
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Table 2 Fertilization outcomes in individual patients

Sample Spermatogenesis Oocytes Fertilized
1 HS - -
2 HS 8 5
3 HS 9 8
4 HS 1 1
5 HS 5 3
6 HS 12 7
7 HS 5 2
8 HS B 4
9 HS 13 11
10 HS 18 12
11 HS 3 3
12 HS 10 6

HS total 92 66
13 MA 14 13
14 MA 8 5
15 MA 11 3
16 MA 9 5
17 MA 8 2
18 MA 5 2
19 MA 8 B
20 MA 5 5
21 MA 5 -
22 MA 2 1
23 MA 9 4
24 MA 8 2

MA total 92 50
25 SCO - -
26 SCO - -
27 SCO - -
28 SCO - -
29 SCO - -
30 SCO - -
31 SCo - -
32 SCO - -
33 SCo - -
34 OA 4 2

Ebbryos transferred
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Number of cycles Clinical pregnancy
2 1 No

2 2 No

3 1 Yes

1 1 No

1 1 No

2 2 No

1 1 No

1 Yes(2)
1 Yes(2)
No

1 Yes/AB
1 Yes
15 7

1 No
No
No

%MLI\JMNNLMBMNI\)MM
= —

= NN [\ ]

=z =

o 1]

e
o]

Yes
Yes/AB
23 15 6

2 1 No

HS - hypospermatogenesis; MA — maturation arrest; SCO — Sertoli cell only; OA — obstructive azoospermia; AB- miscarriage; N/A- data not available.

cells. In a different approach, germ cells were purified
for high-throughput analysis of cell-specific gene expres-
sion studies on animal models [20,21]. The data from
the above-mentioned studies provides a vast number of
possible gene candidates as markers of spermatogenesis
that fulfil the criteria of testis-specific gene expression,
are transcribed and translated at specific time points of
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spermatogenesis, and their presence indicates correct
gamete development. In addition, it was shown recently
that besides changes in mRNA levels in azoospermic
men, the miRNA expression is also altered [22].

Another approach to TESE sample analysis is to verify
whether the expression of a single gene or a couple of
genes can be used as a simple indicator of positive
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Figure 1 Heat map representing the differential gene expression
of the tested genes among individual samples and groups. Red
color indicates the highest gene expression (90th percentile), white
color indicates moderated gene expression and green color indicates
lowest gene expression (10% percentile). Other shades indicate
intermediate values.

S 34

sperm retrieval in patients undergoing treatment in
infertility clinics. Detection of DAZ (deleted in azoo-
spermia), DAZL (DAZ-like) and protamine 2 (PRM2)
mRNA in testicular samples was shown to be an in-
formative tool for spermatogenesis evaluation [23].
Similar results were obtained with the BOULE mRNA
occurrence [24]. Ando et al. showed that expression of
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Figure 2 The relative difference in the expression of tested genes
among control and experimental groups of hypospermatogenesis
(HS), maturation arrest (MA) and Sertoli cell- only syndrome (SCO).
Columns indicate the arithmetic mean of the relative expression of a
particular gene, whiskers indicate SEM. Control group (C) is indicated by
purple color and the relative expression was set as 100%. The
statistically significant differences between control and experimental
groups are indicated by red color of the column or red asterisk.

VASA, ODFI1, ODF2 (outer dense fiber 1 and 2) and
SMCP (sperm mitochondria-associated cysteine-rich
protein) genes was significantly stronger in the suc-
cessful TESE group [25]. Other genes expressed in
post-meiotic stage may also be good candidates for
the prediction of successful fertilization.

In our study, we followed expression of five genes that
are expressed at certain stages of the spermatogenesis
process and are important for meiosis and sperm devel-
opment. The MNDI and SPATA22 genes were selected
for spermatogenesis characterization in azoospermic pa-
tients because of the known significant gene expression
differences in different non-obstructive azoospermic pa-
tients [4]. The Mnd1/Gaj protein plays an important role
in homologous chromosome pairing and efficient cross-
over during meiosis [26]. The SPATA22 gene product
was shown to be involved in meiotic progression of
germ cells in mice [27]. The ACR mRNA appears first in
pachytene spermatocytes, reaching the maximum levels
in round spermatids, and preproacrosin protein appears
in spermatids [28]. The reason for non-obstructive azoo-
spermia in this case may be interrupted or incomplete
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spermiogenesis or sperm maturation. Nevertheless, the
loss of acrosin protease activity does not lead to inferti-
lity in mice and spermatozoa from knock-out mice can
penetrate zona pellucida of the oocyte [29]. The gene
encoding sperm-specific glyceradehyde-3-phosphate de-
hydrogenase, GAPDHS, was shown to be expressed
solely in haploid round and elongating spermatids
[30,31] to replace the function of somatic GAPDH gene,
whose expression ceases in germ cells. GAPDHS gene
expression may be a good marker for spermatogenesis
analysis, as its transcription and translation are tempor-
arily separated and mRNA forms a complex with an
RNA-binding protein, which results in translation and
mRNA degradation delay [32]. Therefore, expression of
the GAPDHS gene might be detectable even in poor-
quality or low-quantity testicular samples. Poor detec-
tion of gene expression in nine biopsies (10-12 from HS
and 17-24 from MA groups) suggests that in the tissue
analysed for RNA purification, spermatogenesis was ei-
ther greatly reduced or RNA was probably purified
mainly from somatic cells. An interesting pattern of gene
expression was observed in patients 9, 22 and 23 with
normal expression of MNDI and SPATA22 genes and
residual levels of GAPDHS and ACR genes. This might
indicate that spermatogenesis in these patients continues
undisturbed until meiosis, but either meiosis or spermio-
genesis is somehow impaired.

Fertilization and pregnancy rates in population of
studied patients were in accordance to those from pre-
vious studies. Fertilization rates for subsets of samples
with positive expression of studied genes showed uni-
form fertilization rates around 70%, only MNDI gene
was expressed in samples from SCO group where sperm
cells could not be retrieved. Surprisingly, for most prom-
ising markers of final steps of spermatogenesis, ACR and
GAPDHS, pregnancy rate was below 10%. This indicates
that expression analysis of present testicular genes can-
not indicate successful pregnancy in studied couples. It
is highly probable that in this process, oocyte and em-
bryo quality have higher impact on the successful preg-
nancy. Moreover, low number of studied samples does
not allow drawing any correlation between specific gene
expression and fertilization outcome.

All four studied genes are expressed at different stages
of spermatogenesis, and ACR, SPATA22 and GAPDHS
gene expression might be a good predictor of successful
TESE outcome. Nevertheless, analysis of a greater num-
ber of testicular biopsies is needed to confirm that
changes in gene expression of the selected genes can
serve as marlkers to justify repeated TESE. Another thing
to consider is that spermatogenesis is a dynamic process
and TESE sample analysis provides information about
the gene expression and spermatogenesis state at a sin-
gle time point only.
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A novel non-invasive approach to prediction of the
state of spermatogenesis and pathophysiology of testicu-
lar tissues via the detection of germ cell-specific mRNA
traces in seminal plasma was introduced recently [33,34].
Future analysis of germ cell-specific genes, including
those from our study, or GAPDH/GAPDHS ratio in cell-
free seminal plasma from azoospermic patients might be-
come a promising non-invasive tool for TESE success
prediction. The advantage of this technique is that the
seminal analysis provides complex whole-testis physi-
ology in comparison to the TESE sample representing a
limited region of the analysed tissue.

To sum up, non-obstructive azoospermia is a complex
pathophysiological state that leads to changes of gene
expression in the testes, and understanding this process
may lead to identification of the molecular markers of
the spermatogenesis level.

Conclusions

Expression analysis of genes whose expression occurs
exclusively in germ cells during spermatogenesis pro-
vides sensitive confirmation of the histological diagnosis
of SCO syndrome, as it was decreased in all histologi-
cally identified SCO patients. In the case of maturation
arrest or hypospermatogenesis, gene expression analysis
could help determine the stage at which spermatogenesis
arrest occurs and be a key factor in making the decision
whether repeated TESE could be considered after pre-
vious ICSI failure.
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4. Summary of published results

In the following chapter | 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
guality 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 ug/l, which roughly
corresponds to 35 pg/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 pg/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 pg/l and 0.15 pg/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 pg/l and one at 150 pg/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
guality 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 gPCR
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, Sycpl, Ccnal, Meigl, Grth, Prm1, Tnpl, Tnp2), genes expressed in Sertoli
cells (Sox9, Wt1, Eps8, Icapl, Masl), genes playing a role in hormonal response (Ar, Fkbp5,
Tff1, lgfbp5, Ctsd, Fshr), genes playing a role during apoptosis (p21, Bcl, p53), and genes
related to epigenetic processes (Ccndl, Crem, Kdm4a, Spata2, Dnmtl). 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, Ccnal, 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 Wtl 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 Ccnd1l and Dnmtl 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 17B-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
MCEF-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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