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GENERAL INTRODUCTION

1.1. Fish sperm and importance of studies on sperm physiology

In the course of evolution numerous fi sh species developed a huge diversity of reproductive 
strategies and fertilisation modes. Diff erences in sperm morphology, as well as aspects of 
motility activation and regulation are a part of this diversity. Th ere are a vast number of 
factors that lead to triggering sperm motility among fi sh species with external fertilization 
(Cosson, 2004). One common feature for spermatozoa of many fi sh species is that their 
spermatozoa are immotile in the testis and seminal plasma (Morisawa and Morisawa, 1990). 
Motility is induced after spawning, when spermatozoa are released into the aqueous external 
environment. Diff erences in ionic concentration between this external environment and the 
seminal plasma is a fi rst requirement for initiation of spermatozoa motility (Cosson, 2010). 
Sperm of marine fi shes, encounters a hyper-osmotic change, meaning a change to a media 
with higher osmolality, as they are transferred from the seminal plasma into sea water. In fresh 
water spawning fi shes, sperm experiences an opposite, hypo-osmotic change, i.e. exposure 
to lower osmolality media. And since  in the new environment spermatozoa no have the 
benefi t of the protection of seminal plasma, a number of factors aff ect their movement in 
the surrounding medium, such as osmotic pressure, pH, temperature, reactive oxygen species 
(ROS) and pollutants (Alavi and Cosson, 2005, 2006; Zhou et al., 2006). Th is situation 
contrasts with species which have internal fertilization, like mammals, in which the female 
tract off ers better protection for spermatozoa against oxidative and osmotic stress. 

Sperm motility is a very important prerequisite leading to the contact and fusion between 
male and female gametes at fertilization. Despite the fact that the initiation of sperm motility 
and cell signaling associated with this phenomenon have been well studied in mammals 
(Tash and Means, 1982) and ascidians (Hozumi et al., 2008), in fi sh, only a limited number 
of studies have elucidated the mechanisms of motility initiation and intracellular signaling 
pathways. Moreover, many freshwater fi sh species are amongvaluable  aquaculture species, 
and understanding sperm cell morphology andthe signaling network  for the very rapid 
activation of fl agellar motility is important, not only for elaboration of suitable medium for 
cryopreservation, but forartifi cial propagation. 

Spermatozoa of teleostean and chondrostean fi shes are composed of a head, a mid-piece 
and a fl agellum. Th e absence of an acrosome is usual in teleostean spermatozoa (Afzelius, 
1978). Within teleosts, temporary acrosome-like structures have been reported in brown 
trout (Salmo trutta) (Billard and Takashima, 1983) and several other species (Jamieson, 
1991). In sturgeons and paddlefi shes (chondrosteans), the sperm head is elongated and has 
an acrosome at the anterior part (DiLauro et al., 2000; Psenicka et al., 2007).  Th e typical 
arrangement of nine pairs of peripheral microtubules and two single central tubules compose 
the axoneme. Initiation of spermatozoa motility occurs as a rapid response to changes in 
ionic conditions or extracellular ligands, which lead to intracellular signal transduction (Inaba, 
2003). Th e motility mechanism, referred to as the axoneme (a complex assembly of many 
protein species), is activated as the end of an intracellular signaling pathway. For proper 
fl agellar wave propagation, activation of the axonemes is achieved by phosphorylation of some 
of the protein subunits associated with molecular motor dyneins. However, mechanisms of 
intracellular signaling, as well as factors triggering motility, vary signifi cantly among diff erent 
species. 

In Salmonids for example,  which is the present working model, a decrease of extracellular 
concentration of K+ ions, occurs at transfer from seminal fl uid (rich in K+ ions) into external 
fresh water (poor in K+) initiates the spermatozoan motility when accompanied by an increase 
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of intracellular concentration of Ca2+ ions, leading to membrane hyperpolarization. Th is 
hyperpolarization activates adenylyl cyclase activity, which itself increases the intracellular 
cAMP concentration (Morisawa and Okuno, 1982; Billard et al., 1987; Kho et al., 2001). As a 
result of this burst of cAMP, activation of cAMP-dependent protein kinase A (PKA) occurs (Kho 
et al., 2001). Th e PKA is located in the close vicinity of outer arm dyneins (the motor protein 
devoted to fl agellar movement); this leads to the prompt phosphorylation of a dynein light 
chain, which is a necessary condition for activation of spermatozoa motility in salmonids 
(Inaba, 2003). 

In Cyprinids, it has been shown that simple K+ transport across the plasma membrane of 
spermatozoa is not the factor that is responsible for the activation process. Even though 
Krasznai et al. (2000) found that potassium channels participate in activation of spermatozoa 
motility and Ca2+ infl ux was suggested to be involved in the initiation of spermatozoa motility 
in common carp, the motility activation process has been shown to be independent on cAMP 
(Cosson and Gagnon, 1988; Krasznai et al., 1995; Krasznai et al., 2000). Th us, the molecular 
mechanism of motility activation and intracellular signaling in spermatozoa of common carp 
remains to be better elucidated. 

In Acipenserids, less information exists about the eff ect of K+ on the motility of spermatozoa. 
It has been shown that K+ ions play an important role in maintaining spermatozoa quiescence 
in seminal plasma of several acipenserids (Alavi et al., 2011; Linhart et al., 2003). Th e potent 
mobility of spermatozoa is sensitive to very low K+ concentrations, and Ca2+ ions reverse the 
K+ inhibitory eff ect. In this respect, it is theorized that the mechanism of motility regulation 
in the spermatozoa of this group of fi shes would be similar to that described above for 
salmonids (Cosson, 2010). However, despite the fact that the role of ions in the activation of 
sperm motility in sturgeons was investigated as well as participation of cAMP at the motility 
activation step, there are still many questions that must be answered about the mechanisms 
and function of intercellular signaling, and the interactions between cAMP, calcium, and 
protein phosphorylation in fi sh sperm motility.

Another key point in studies of fi sh spermatozoa is the eff ect of diff erent aquatic pollutants, 
on sperm functions. It is not only essential for preserving biodiversity in nature and protecting 
stocks in aquaculture, but in vitro sperm assays may provide a simple and effi  cient means for 
evaluating the potential eff ects of  anthropogenic pollutants on aquatic environment.

1.2. Sources of reactive oxygen species in sperm

Sperm cells of externally fertilizing aquatic species, including most fi sh, are particularly 
vulnerable to oxidative stress when released into the external environment this is because of a 
minimal protection by their membranes which are in direct contact with the surrounding fl uid.  
Th erefore the presence of some pollutants in the environment can lead to ROS production 
and impair normal reproduction processes of aquatic animals (Zhou et al., 2006).

ROS are short-lived, highly reactive chemical species (atoms or small molecules) that 
include oxygen ions and peroxides. Th e high reactivity of ROS is a consequence of unpaired 
valence-shell electrons, which can generate signifi cant damage to cellular structures. Th e most 
common ROS that have potential implications in reproductive biology include superoxide 
(O2-) anion, hydrogen peroxide (H

2
O

2
), peroxyl (ROO-) radical and the very reactive hydroxyl 

(OH-) radical. In fi sh and mammalian spermatozoa, ROS can be generated in two main ways: 
1) endogenously, through the process of normal cell respiration; 2) from interactions with 
exogenous sources (Fig. 1).
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Figure 1. Th e sources of reactive oxygen species (ROS) and their possible eff ects on spermatozoa.

In mammalian spermatozoa, ROS are normally generated endogenously through the 
process of cell respiration (Aitken et al., 1998a; Ray et al., 2012). Th e possible main source in 
most cells is leakage of electrons from the inner mitochondrial membrane during oxidative 
phosphorylation and ATP generation (Ford, 2004; Ray et al., 2012). ROS can be produced by 
intracellular oxidase and peroxidase enzymes, such as xanthine oxidase, or as an alternate 
product by other enzymes such as cytochrome p450 and nitric oxide synthase. Moreover, 
spermatozoa are capable of generating ROS by a mechanism that involves an NADPH oxidase 
in the sperm membrane (Aitken et al., 1992). NADPH oxidases are plasma enzymes (Babior, 
1999) that catalyse the generation of ROS by allowing electrons to fl ow from NADPH across 
the cellular membrane to molecular oxygen, in order to form superoxide (Fulton, 2009) (Fig. 
2).

NADPH + 2O
2
 ↔ NADP+ + 2O

2
– + H+

Figure 2. Transfer of electrons from NADPH through the NADPH oxidase system, creating superoxide, 

NADP+ and proton (Schirmer et al., 1983).

Spermatozoa in freshwater are subjected to a signifi cant osmotic challenge when transferred 
from the seminal fl uid to the external environment (Morisawa et al., 1983; Alavi and Cosson, 
2006). Hypotonic shock can induce an increase in ROS production and oxidative stress 
(McCarthy et al., 2010). Th e exact mechanism of increased ROS generation in response to 
osmotic stress is unclear; however, work with other cell types suggests that hypo-osmotic cell 
swelling activates the membrane-associated phospholipase A

2
. Activation of phospholipase 

A
2
 may then lead to an activation of the NADPH oxidase complex, resulting in increased 

production of O
2
 (Lambert, 2003). Moreover, cell swelling most probably refl ects a shift in 

protein tyrosine phosphorylation due to an accompanying stimulation of protein tyrosine 
kinase activity and inhibition of protein tyrosine phosphatase activity by ROS (see § 1.4; Hecht 
and Zick, 1992; Lambert, 2003).
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1.2.1. Th e eff ect of water pollution

Complex mixtures of various organic and inorganic environmental pollutants, such as 
polynuclear aromatic hydrocarbons (PAHs), polychlorobiphenyls (PCBs), quinones, aromatic 
nitro compounds, aromatic hydroxylamines, bipyridyls and transition metals, are known to 
elevate  production of ROS (Livingstone, 2001). Aquatic habitats throughout the world receive 
a great amount of pollutants  from industrial discharge, agricultural runoff , human and animal 
waste, municipal and domestic effl  uents, spillage of vessels and oil spill (Burkholder et al., 2007; 
Valavanidis et al., 2006). Fish, inhabiting these areas, are chronically exposed to xenobiotics, 
and can store signifi cant quantities of them in their bodies. Xenobiotic bioaccumulation of 
such as endocrine disrupting chemicals (EDCs), can aff ect sex hormone levels and normal 
gonad development, gamete production and morphology (Table 1). Xenobiotics present in 
the gonads can impact the quality of sperm during maturation and also when they are stored 
in the testes. 

Foreign substances that pollute aquatic basins can have a direct impact on the ability of the 
sperm to fertilize eggs. Diff erent xenobiotics have various mechanisms of action, one of which 
is an increased ROS production (Table 1). It has been proven that xenobiotics can impair fi sh 
sperm motility parameters, DNA integrity and induce membrane lipid peroxidation (Zhou et 
al., 2006). 

Because sperm quality is closely related to fertilization success, hatching of embryos and 
subsequent survival of off spring (Au et al., 2002, 2003), it is particularly important to study 
the consequences of sperm exposure to foreign compounds in the surrounding medium. 
Th erefore, experiments were conducted in the current work to investigate the eff ects of 
short-term in vitro exposure to xenobiotics on quality parameters of sturgeon sperm.

1.3. Free radicals: their benefi cial and harmful infl uences on sperm function

Excessive levels of ROS from both exogenous and endogenous sources have been shown 
to be harmful to spermatozoa. Because ROS are highly reactive, when they reach pathological 
levels they exert signifi cant damage to biomolecules such as proteins, lipids and nucleic acids. 
However, besides the pathological eff ects that are a consequence of excess ROS production, 
physiological levels are actually essential for proper sperm function (O’Flaherty et al., 2006a). 
ROS play an important role in transducing signals in the complex biochemical cascades of the 
spermatozoa. Th e positive eff ects of low concentrations of ROS have been documented in 
mammalian sperm functions, such as capacitation (de Lamirande and Gagnon, 1993; Leclerc 
et al., 1997), acrosome reaction (Griveau et al., 1995), hyperactivation (de Lamirande and 
Gagnon, 1993) and sperm–oocyte fusion (Aitken et al., 1995; 1998a). Nevertheless, the 
specifi c ROS involved in the activation of these processes is still somewhat controversial and 
may be species- specifi c. Th e eff ects of diff erent ROS levels on spermatozoa are summarized 
in Figure 1. 

According to present theories, cellular damage results from an improper balance between 
ROS generation and scavenging activities, which tend to reduce the concentration of these 
ROS, i.e. a situation in which there is a shift towards pro-oxidants, because of either surplus 
ROS  or diminished antioxidants (Aitken et al., 1998b; Sanocka and Kurpisz, 2004). Normally, 
within a cell, many defence mechanisms limit the levels of reactive oxidants and, consequently, 
the damage they infl ict (Ames et al., 1993). Enzymes such as superoxide dismutase, catalase, 
and glutathione peroxidase belong to these defence strategies. Although an antioxidant 
defense system has been shown to be active in spermatozoa of some fi sh species, its activity 
is limited by the amount of cytoplasm, which in a sperm cells is usually very low (Shiva et al., 



General introduction

- 13 -

2011). Moreover, fi sh seminal plasma possess  a number of enzymatic and non-enzymatic 
components (Liu et al., 1995; Ciereszko et al., 2000; Lahnsteiner et al., 2010) that play a key 
role in spermatozoan vitality during their storage in the reproductive system. When ROS 
levels overwhelm the antioxidant defence system, either through an increase in ROS levels or 
through a decrease in the cellular antioxidant capacity, oxidative stress occurs. 

1.3.1. ROS-induced damage of spermatozoa

Oxidative stress is toxic to spermatozoa as it leads to lipid peroxidation of the plasma 
membrane, thus, compromising cell functions, including DNA integrity and protein conformation 
(Agarwal et al., 2003; Agarwal and Said, 2005). Oxidative stress develops in cells due to 
a tendency of ROS to cause a chain reaction, in such a manner that “radical begets radical”. 
By the reaction of O

2
- and H

2
O

2
 in the Haber-Weiss reaction (Fig. 3) an HO• can be produced 

(Kelly et al., 1998). Th e production and toxicity of HO• are of particular biological importance, 
since HO• is one of the most potent oxidants, reacting directly with cellular components such 
as lipids, DNA, and proteins. 

·O
2

− + H
2
O

2
 → HO· + OH- + O

2
 

Figure 3. Haber-Weiss reaction.

Th e lipid composition of spermatozoan plasma membranes is markedly diff erent from 
those of somatic cells. Th ey have very high levels of phospholipids, sterols, saturated and 
polyunsaturated fatty acids, therefore, sperm cells are particularly susceptible to the damage 
induced by excessive ROS release (Sanocka and Kurpisz, 2004; Griveau et al., 1995). Lipid 
peroxidation is particularly dangerous for aquatic animals, since they normally contain greater 
amounts of polyunsaturated fatty acids (PUFAs) than do other species. PUFAs serve as excellent 
substrates for lipid peroxidation because of the presence of active bis-allylic methylene groups 
(Kelly et al., 1998). Lipid oxidation has been reported to be a major contributor to the loss of 
cell function under oxidative stress (Storey, 1996) and trigger the loss of membrane integrity, 
causing increased cell permeability, enzyme inactivation, structural damages of DNA, and cell 
death (Aitken et al., 1993; McCarthy et al., 2010; Shiva et al., 2011).

DNA is another key cellular component that is particularly susceptible to oxidative 
damage. Aitken et al. (1998b) showed that oxidative stress, achieved by incubating human 
spermatozoa in the presence of NADPH or H

2
O

2
, was associated with a dramatic decline in 

the genomic integrity of the cell. Also a variety of other mechanisms of ROS-induced DNA 
damage have been reported in the literature (reviewed by Cooke et al., 2003). Peroxidation of 
DNA may result in chromatin cross-linking, base changes, and DNA strand breaks. Moreover, a 
number of studies have proven that DNA damage of spermatozoa is linked to male infertility 
(Barroso et al., 2000; O’Brien and Zini, 2005), reduced growth, abnormal development and 
reduced survival of embryos, larvae and adults of bivalves and urchins (Steinert, 1999; Lesser 
et al., 2003). In fi sh spermatozoa, diff erent preservation techniques (short-term storage 
and cryopreservation), as well as water pollutants have been shown to induce DNA damage 
(Perez-Cerezales et al., 2009; Zhou et al., 2006). Th e sensitivity of DNA integrity to low levels 
of ROS makes it an eff ective indicator of oxidative stress.

Protein oxidation is particularly detrimental for spermatozoa as the resulting conformational 
changes to protein structures can render damaged proteins inactive or lead to functional 
abnormalities. Mechanism of ROS-induced alteration of protein function has been described 
by Ray et al. (2012). Th e oxidative interface consists mainly of the redox regulation of redox-
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reactive cysteine (Cys) residues on proteins by ROS. Furthermore, redox cycling cations such 
as Fe2+ or Cu2+ can bind to cation-binding domains on proteins and transform side-chain amine 
groups on several amino acids (i.e. lysine, arginine, proline or histidine) into carbonyls. Th ese 
oxidative modifi cations result in changes to the structure and/or function of the protein.

It has been showed that excessive ROS production also aff ects mitochondria functions. In 
mammals, accumulation of peroxidation products in mitochondria lead to a decrease in ATP 
production and compromises the maintenance of cell homeostasis (Chance et al., 1979). Th e 
inner and outer mitochondrial membrane can be disrupted by a high level of ROS, leading 
to the activation of caspase, a series of cytosolic cysteine proteases which play a role in 
apoptosis induction (Agarwal et al., 2003). 

Fish spermatozoan movement primarily depends on initial ATP content, plasma membrane 
potential for triggering the fl agellar beating and Ca2+ signaling (Cosson, 2010). Successful 
delivering of paternal DNA into the oocyte is a major function of spermatozoa. Th erefore, any 
modifi cation of these key elements by oxidative stress can signifi cantly aff ect fertilization 
success or embryo development. Considering that sperm storage, as well as the number 
of pollutants, present in open waters, may induce increased ROS level in fi sh spermatozoa, 
investigations of the eff ects of oxidative stress and antioxidants on fi sh spermatozoa are of 
great importance for better understanding of mechanisms of cellular damage and possible 
ways for sperm protection.

1.3.2. Reactive oxygen species in sperm intracellular signaling pathways

As was mentioned above, studies with human and mammalian spermatozoa have 
demonstrated that low concentrations of ROS have a positive eff ect on sperm capacitation, 
acrosome reaction, and sperm–oocyte fusion, suggesting that the signaling pathways 
underlying these processes may actually be under redox control. A key step in the signaling 
pathways, controlling sperm capacitation and the acrosome reaction, is believed to be protein 
tyrosine phosphorylation (Baumber et al., 2003) (principles of protein phosphorylation are 
described below in § 1.4). A number of studies support the role of ROS in the promotion of 
tyrosine phosphorylation that have been observed during mammalian sperm capacitation 
(Aitken et al., 1998a; O’Flaherty et al., 2006a; 2006b). For example, the exogenous addition 
of ROS (O

2
−, H

2
O

2
, and NO−) may stimulate adenylyl cyclase (AC) and cause an immediate 

generation of cAMP in spermatozoa (O’Flaherty et al., 2006b). Consequently an increase of 
cAMP concentration leads to activation of protein kinase A, which plays a key role in the 
mechanisms that trigger capacitation and the associated protein tyrosine phosphorylation in 
mammalian species (Aitken et al., 1998a; Visconti et al., 1995; Leclerc et al., 1997). Free radicals 
also induce phosphorylation of such proteins as MEK-like protein and threonine–glutamine–
tyrosine motif (O’Flaherty et al., 2006a). Th us, the major phosphorylation pathways known to 
occur during mammalian sperm capacitation can be modulated by ROS. 

One of the mechanisms by which ROS aff ect transduction elements and pathways is by redox 
modulation of the sulfhydryl: disulfi de pair on proteins (Ray et al., 2012). Protein phosphatases 
are a good example of transduction factors modulated by this mechanism. Th us, the ROS-
mediated regulation of protein tyrosine phosphorylation depends on the balance between 
activities of protein tyrosine kinase (PTK) and protein tyrosine phosphatase (PTP) (see § 1.4; 
Barford, 2004). Other targets of ROS are protein Ser/Th r phosphatases, such as PP1 and 
PP2A inactivated via oxidation of cysteine residues (Hecht and Zick, 1992). Th erefore, it can 
be suggested that ROS are involved in the modulation of PKA-dependent phosphorylation, 
related to capacitation, by both activating the kinases and inactivating protein phosphatases. 
ROS can also selectively and reversibly inactivate the ERK protein phosphatases, such as MKP-
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3, as it was shown in neuron activation (Muda et al., 1996). However, the redox regulation of 
those pathways in fi sh spermatozoa has not yet been demonstrated.

In the marine teleost, gilthead seabream (Sparus aurata), a recent study revealed that 
upon activation of spermatozoa in hyperosmotic conditions, the teleost orthologue 
of aquaporin-8, termed Aqp8b, is rapidly phosphorylated and inserted into the inner 
mitochondrial membrane (Chauvigné et al., 2015). Aquaporins are integral membrane proteins 
from a larger family of major intrinsic proteins that form pores in the membrane of biological 
cells and facilitate water transport across the membrane. Chauvigné et al. (2015) showed 
that in spermatozoa of gilthead seabream, Aqp8b mediates H

2
O

2
 effl  ux from mitochondria 

and mitigates cellular oxidative stress. Hence ROS signaling exhibits a complex relationship 
with protein phosphorylation, where redox-regulation is involved in modifi cation of balance 
between kinases and phosphatases, and, vice versa, protein phosphorylation can regulate 
ROS production.

Th e role of ROS in fi sh sperm motility is not yet clear. However, it has been shown that 
ROS are able to modulate swimming behavior in green alga Chlamydomonas reinhardtii 
(Wakabayashi et al., 2011). Furthermore, presence of low doses of ROS stimulated human 
sperm hyperactivation (de Lamirande and Gagnon, 1993). Previous studies showed that the 
outer arm dynein of sea urchin sperm axoneme contains thioredoxin, a small redox protein 
that plays an important role in ROS-response (Ogawa et al., 1996). Th us, it can be suggested 
that ROS may have a positive eff ect on spermatozoa motility.

ROS can function as second messengers that modulate spermatozoa functions in 
mammalian sperm cells (Ray et al., 2012). However, very little is known presently about the 
role of ROS in intracellular signaling in fi sh spermatozoa.

1.4. Protein phosphorylation in spermatozoa

Th e one of the most important processes in sperm intracellular signaling is a protein post-
translational modifi cation. Spermatozoa are transcriptionally inactive cells, which means that 
there is no possibility of protein synthesis after maturation. Protein phosphorylation is a 
type of post-translational modifi cations that was the most extensively studied in mammalian 
spermatozoa (O’Flaherty et al., 2006b). However, in fi sh spermatozoa, phospho-proteins 
involved in motility have been  identifi ed only for few species, as well as factors involved in 
intracellular signaling and regulating the phosphorylation / dephosphorylation, such as Ca2+ 
and cAMP (Table 2).

Th e phosphorylation state of phosphoproteins is reversibly controlled by the activity of 
protein kinases and phosphatases. Protein kinases catalyse the transfer of the γ-phosphate 
from ATP to specifi c amino acids in proteins. Phosphorylation occurs on serine (Ser), threonine 
(Th r) and tyrosine (Tyr) residues (Cox and Phillips, 2007). For a large subset of proteins, 
phosphorylation is tightly associated with protein activity and is a key point of protein 
function regulation. Phosphorylation regulates protein function and cell signaling by causing 
conformational changes in the phosphorylated protein. Th ese changes can aff ect proteins in 
two ways. First, conformational changes regulate the catalytic activity of a protein so that a 
protein can be either activated or inactivated by phosphorylation. Second, phosphorylated 
proteins recruit neighboring proteins which have structurally conserved domains that 
recognize and bind to phosphomotifs. Th ese domains show specifi city for distinct amino acids. 
In general, processes regulated by protein phosphorylation include capacitation, motility and 
the acrosome reaction, all of which are required for spermatozoa to reach and fuse with the 
oocyte (O’Flaherty et al., 2006b). 

Knowledge about the phosphorylation pattern in spermatozoa and its regulation during 
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gamete interaction remains one of the most important issues in this area of investigation. 
Hence, in the present study, special attention was given to changes in spermatozoa 
phosphorylation pattern during spermatozoa movement and under an oxidative stress.

1.4.1. Axoneme protein phosphorylation and sperm motility

Flagellar movement in spermatozoa is produced by the active sliding between axonemal 
pairs of doublet microtubules by dyneins. Dyneins are microtubule-dependent force-generating 
ATPases and play a key role in microtubule sliding (Visconti et al., 1995; Inaba, 2003). Dyneins 
are observed as a pair of projecting “arms” on doublet microtubules, designated the outer and 
inner arms. In salmonid sperm, for example, the outer arm dynein is comprised of two heavy 
chains (~500 kDa), fi ve intermediate chains (60 – 120kDa) and six light chains (8 – 30 kDa) 
(Inaba, 2003).

Microtubule sliding is modifi ed so as to produce fl agellar bending and wave propagation 
by other axonemal structures, such as the central pair and radial spokes (Witman, 1992). Th e 
number of structures in spermatozoa axoneme is known to be regulated by phosphorylation  /  
dephosphorylation. Most of those proteins in fi sh are still to be characterized, but some 
phosphoproteins that participate in sperm motility have been described recently (Inaba et 
al., 1998; Itoh et al., 2003). Th us, it has been shown that dynein is one of the major targets 
of cAMP-dependent protein phosphorylation (Hamasaki et al., 1991). Th e most prominent 
phosphorylations occur in dynein light chains (DLCs). In salmonids, phosphorylation of the 
DLC as well as the 48-kDa regulatory subunit of PKA appear to be regulated by proteasomes, 
which are localized near the outer arm dynein (Inaba et al., 1998). Th ese data suggest that PKA 
is most likely to be anchored near the outer arm dynein, where it is regulated by proteasomes, 
and that PKA is involved in phosphorylation of the outer arm DLC.

Th e intracellular localization of PKA is controlled through association with A-kinase-
anchoring proteins (AKAPs) (Diviani and Scott, 2001). AKAPs mediate multivalent signal 
transduction complexes by simultaneously interacting with multiple signaling enzymes, such 
as kinases or phosphatases. AKAPs can integrate diverse signaling pathways that regulate 
the phosphorylation of specifi c cellular substrates (Colledge and Scott, 1999). Accumulating 
evidence suggests that AKAP-mediated organization of kinases and phosphatases is 
particularly important for the transduction of signals to the axoneme.

In addition, there is a strong correlation between Ca2+ signaling and protein phosphorylation 
in sperm fl agella. Axonemes contain several Ca2+ binding proteins, such as a light chain of outer 
arm dynein, a subunit of dynein docking complex (DC3), calmodulin (CaM), and parvalbumins 
(Inaba, 2007). Parvalbumin was discovered in carp muscle (Henrotte, 1952) and, recently, 
in carp spermatozoa (Dietrich et al., 2010). It became the fi rst protein to be recognized to 
possess the EF-hand motif (Kretsinger and Nockolds, 1973). Th is motif is the most common 
calcium-binding motif found in proteins (Lewit-Bentley and Réty, 2000). Th e EF-hand family 
of Ca2+-binding proteins includes the well known calmodulin (CaM), troponin C and S100 
proteins. CaM is a multifunctional intermediate messenger protein that transduces Ca2+ signals 
by binding calcium ions and then regulating activity of various target proteins, including 
protein kinases and phosphatases. It has been shown that Ca2+/CaM activate adenylyl cyclase 
for cAMP synthesis in sea urchin sperm (Bookbinder et al., 1990). Subsequently, increased 
cAMP levels lead to activation of PKA and dynein phosphorylation. On the other hand, Tash 
et al. (1988) showed that CaM-dependent protein phosphatase (calcineurin) also plays an 
important role in Ca2+-dependent regulation of fl agellar motility. It has been proposed that 
in motile fl agellar systems, proteins are in a net phosphorylated state and that regulation 
may involve carefully coordinated dephosphorylation mediated by CaM. However, the role 
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of calmodulin, Ca2+ signaling and its implication in protein phosphorylation pathways in fi sh 
spermatozoa still needs to be studied.

Another important enzyme that participates in sperm motility is a protein kinase C (PKC), 
a serine/threonine kinase. In human spermatozoa, PKC has been shown to localise in 
patches along the mid-, principal and end pieces of the fl agellum, demonstrating a close 
association of PKC with fl agellar axonemes and outer dense fi bers (Kalina et al., 1995). In sea 
urchin spermatozoa it has been reported that PKC has a key role in the signal transduction 
mechanisms during initiation and maintenance of motility (White et al., 2007). Moreover, an 
increase in phosphorylation levels of PKC substrates was observed after motility activation, 
suggesting that PKC activity and phosphorylation of its target proteins are tightly associated 
with maintenance of motility (White et al., 2007). Nevertheless, there is a lack of knowledge 
about the nature of the substrate(s) of PKC in sperm and its role in motility.

1.4.2. Protein phosphorylation in metabolic processes and energy production

Successful sperm motility activation and its maintenance depend on energy production 
and ATP stores. In spermatozoa, mitochondria are localized in the midpiece, where metabolic 
reactions occur, leading to the appearance of high-energy phosphates that are required for 
beating of fl agella. It has been shown that there is a dynamic balance between mitochondrial 
synthesis and ATP metabolizing enzymes (ATPases) in immotile spermatozoa of common carp 
(Perchec et al., 1995). Oxidative phosphorylation (OXPHOS) and cycle of tricarboxylic acid 
might be the key metabolic pathway in non-activated fi sh spermatozoa (Lahnsteiner et al., 
1993; Mansour et al., 2003). On the other hand, Nascimento et al. (2008) showed that for 
motile human spermatozoa, glycolytic pathway is a primary source of energy. Unlike OXPHOS 
that take place only in midpiece, glycolytic enzymes are localized along all fl agellum allowing 
more effi  cient transport of ATP to dynein ATPases (Krisfalusi et al., 2006). Th us, it can be 
suggested that both, oxidative phosphorylation and glycolysis, contribute to sperm motility, 
but at diff erent stages of sperm maturation. Since cellular energy demand depend on the 
function and activity of the cell, the adjustment of energy production to physiological demand 
is essential. In transcriptionally inactive cell, such as spermatozoon, this adjustment is mostly 
controlled by cell signaling through phosphorylation / dephosphorylation. Recently numerous 
phosphorylated proteins were identifi ed within the mitochondria and on signaling pathways 
that act on mitochondria (Hopper et al., 2006; Huttemann et al., 2007). Several studies have 
concluded that there was PKA activity in the mitochondria of fi sh spermatozoa (Zilli et al., 
2012). Moreover, other studies showed that PKA localization and function in mitochondria are 
AKAP-mediated (Huttemann et al., 2007).

Numerous data suggest that glycolysis is an important pathway of ATP generation in 
sperm cells. Glycolysis is the enzyme-catalysed metabolic pathway that converts glucose into 
pyruvate. Lahnsteiner et al. (1993) reported that spermatozoa of rainbow trout (Oncorhynchus 
mykiss) possess the enzymes involved in glycolysis, phospholipid catabolism and triglyceride 
metabolism. However, glycolytic pathways vary between spermatozoa of diff erent species 
by, for example, utilizing diff erent substrates. Th e main regulating enzymes in glycolysis 
are hexokinase, phosphofructokinase, and pyruvate kinase. Th us, the entire pathway relies 
on phosphorylation  /  dephosphorylation for the appropriate energy production. Moreover, 
studies on mammalian spermatozoa indicate an activation of glycolytic process in response 
to increased cAMP levels, suggesting the interplay between sperm motility initiation and 
activation of glycolysis (Frenkerl et al., 1973).



Chapter 1

- 18 -

1.4.3. Protein phosphorylation as a regulator of gamete fusion

It is well known from the studies on mammalian spermatozoa that acrosome reactions and 
gamete fusion are regulated by protein phosphorylation. A key step in the signaling pathways 
controlling sperm capacitation and the acrosome reaction is believed to be protein tyrosine 
phosphorylation (Aitken et al., 1995). Moreover, tyrosine phosphorylation is necessary for the 
acrosome reaction induced by the zona pellucida, as inhibition of tyrosine phosphorylation 
prevents the acrosome reaction (Urner and Sakkas, 2003). 

Despite the fact that the majority of fi sh species do not possess an acrosome, there is a 
lack of knowledge on the mechanisms of sperm-egg fusion in these species. Chondrostean 
spermatozoa diff er from those of teleost in having a functional acrosome that participates 
in fertilization process (Psenicka et al., 2011). Th e presence of proteolytic enzymes, such as 
acrosin and trypsin, in the acrosome of sturgeon spermatozoa has been reported (Psenicka 
et al., 2009; Ciereszko et al., 1994), as well as the presence of acid phosphatase in sturgeon 
spermatozoa (Sarosiek et al., 2006). Acid phosphatase in mouse spermatozoa was found to be 
located in the head region and to play role in acrosome reactions (Poirier, 1975). Nevertheless, 
the role of protein phosphorylation in mediation and regulation of acrosome reactions in fi sh 
spermatozoa has not been studied so far.

1.5. Objectives

Th e primary objective of this thesis was to address the current lack of knowledge on the role 
of reactive oxygen species and protein phosphorylation in sperm of commercially important 
fi shes.  In particular this thesis focuses on the following four objectives:

Objective I: To investigate the eff ects of xenobiotic-induced oxidative stress on fi sh 
spermatozoa after in vitro exposure.

Objective II: To evaluate the protective properties of antioxidants and seminal plasma against 
oxidative stress in fi sh spermatozoa.

Objective III: To study the interplay between ROS and protein phosphorylation in fi sh 
spermatozoa.

Objective IV: To describe the role of phospho-proteins in the initiation and regulation of 
spermatozoa movement.
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a b s t r a c t

The effects of vinclozolin (VIN), an anti-androgenic fungicide, on quality, oxidative stress, DNA integrity,
and ATP level of sterlet (Acipenser ruthenus) spermatozoa were investigated in vitro. Fish spermatozoa
were incubated with different concentrations of vinclozolin (0.5, 2, 10, 15, 20 and 50 lg/l) for 2 h. A
dose-dependent reduction in spermatozoa motility and velocity was observed at concentrations of 2–
50 lg/l. A dramatic increase in DNA fragmentation was recorded at concentrations 10 lg/l and above.
After 2 h exposure at higher test concentrations (10–50 lg/l), oxidative stress was apparent, as reflected
by significantly higher levels of protein and lipid oxidation and significantly greater superoxide dismu-
tase activity. Intracellular ATP content of spermatozoa decreased with increasing concentrations of
VIN. The results demonstrated that VIN can induce reactive oxygen species stress in fish spermatozoa,
which could impair the sperm quality, DNA integrity, ATP content, and the antioxidant defense system.

� 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

As the majority of pollutants are discharged into coastal waters
[1], fishes inhabiting these areas are often chronically exposed to
excessive concentrations of toxic compounds. Apart from possible
effects on the endocrine system leading to disruptions in reproduc-
tive physiology [2,3], gametes of teleosts with external fertilization
can be impacted by the ambient environment. Disruption in gam-
ete development or physiology may have a deleterious effect on
reproduction, a prerequisite for survival of any aquatic species.
During the past decade, toxicity tests involving fish gametes have
received wide attention [4,5]. Several studies have shown that
ova are not ideal pollution bio-indicators since, at present, their
quality can only be measured through time-consuming
fertilization experiments. Moreover, the results of these experi-
ments are subject to variability in sperm and uncontrolled factors
in ova, such as over-ripening [6]. Toxicity screening using fish
sperm has been considered a simple and valid model, since it does
not require expensive sterile cell culture conditions [4].

Sturgeon have been classified as endangered by many interna-
tional organizations. The population of sturgeon species has
drastically declined, primarily due to over-fishing, habitat

destruction, and water pollution [7]. In large species such as
sturgeon, it is logistically difficult and costly to conduct toxicity
evaluations on broodstock-size animals, and the need for sensitive,
rapid toxicity testing has led to the increasing use of sturgeon
sperm [5]. Fish spermatozoa are generally characterized by short-
term motility, most less than 60 s. Considering the limited time
available for fertilization after release of sperm into water, any
negative effect on sperm quality may dramatically decrease fertil-
ization success [8–10]. Spermatozoa are highly susceptible to
oxidative injury, due not only to a lack of protective cytoplasmic
enzymes, but also to the high content of poly-unsaturated fatty
acids (PUFA) in their plasma membranes [11]. This leads to a
decrease in the potential for successful fertilization and an increase
in the probability of intracellular structure damage upon exposure
to oxidizing agents [12].

In the present study, we investigated potential adverse effects
of the well-characterized anti-androgenic compound vinclozolin
(VIN) on sturgeon spermatozoa. Vinclozolin [3-(3,5-dichloro-
phenyl)-5-methyl-5-vinyl-oxazolidine 2,4-dione] is a fungicide
widely used in the United States and Europe to control disease in
fruits and vegetables [13]. According to Steeger and Garber [14]
the peak estimated environmental concentration of vinclozolin is
52.0 lg/l. It degrades via hydrolysis quickly in neutral water
(half-life = 1.3 d). In buffered aqueous solutions half-life of
vinclozolin was shown to be temperature and pH dependent, so
that in phosphate buffer with pH 7 at 13 �C measured half-life
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was 140 h [15]. In aerobic and anaerobic environments, vinclozolin
breaks down via microbial degradation, with half-lives ranging
17.6–134 d [14]. It is rapidly metabolized into two active
metabolites, M1 and M2, which have high affinity for the androgen
receptor and can block gene expression, causing anti-androgenic
effects [16]. Previous studies have shown that VIN inhibits the
development and maintenance of a variety of male traits in the
guppy (Poecilia reticulata), including male coloration patterns,
sperm count, and sexual behavior [17,18].

This study was undertaken to investigate effects of short-term
(2 h) in vitro exposure to VIN on quality parameters and oxidative
stress in spermatozoa of the endangered sterlet Acipenser ruthenus
by analyzing oxidative stress indices, such as lipid oxidation and
protein carbonylation (CP) and superoxide dismutase (SOD)
activity along with their motility and velocity, ATP content, and
DNA integrity.

2. Materials and methods

2.1. Broodstock handling and collection of gametes

Sterlet sperm was obtained from six males (6–7 years old; body
weight: 0.5–2 kg; body length: 55 ± 9.3 cm) reared in the aquacul-
ture facility of the Research Institute of Fish Culture and Hydrobi-
ology at the University of South Bohemia, Vodnany, Czech
Republic. Prior to hormone stimulation, fish were kept in tanks
with water temperature varying between 14 and 15 �C. Spermia-
tion was stimulated by intramuscular injection of carp pituitary
powder dissolved in 0.9% (w/v) NaCl at a dose of 5 mg/kg of body
weight, 48 h before sperm collection. Semen was collected from
the urogenital papilla by aspiration through a plastic catheter
(5–7 mm diameter) connected to a 20 ml syringe. Special care
was taken to avoid contamination with mucus, feces, or water.
Samples were stored on ice (0–4 �C) until processing. Spermatozoa
concentration of each of the six males was estimated microscopi-
cally (Olympus BX 41) at 200� using a Burker cell hemocytometer.

2.2. Sample preparation

Vinclozolin (3-(3,5-dichlorophenyl)-5-ethenyl-5-methyl-2,4
oxazolidinedione; empirical formula: C12H9Cl2NO3; MW: 286.1)
(PESTANAL�, analytical standard; Sigma–Aldrich, USA) was
dissolved in 96% ethanol and diluted with distilled water to obtain
a stock solution of 0.1 g/l. Stock solutions were prepared daily. Fish
sperm from six individual males was centrifuged at 300�g, 4 �C for
30 min to remove seminal plasma and diluted with an immobiliza-
tion medium (20 mM Tris, 30 mM NaCl, 2 mM KCl, pH 8.5) to
obtain spermatozoa densities of 5 � 108 cells/ml. The sperm sub-
samples were then exposed for 2 h to final concentrations of 0.5,
2, 10, 15, 20, and 50 lg/l of VIN at 4 �C. A group exposed to immo-
bilization medium only was used as a control. Each experimental
condition was duplicated.

2.3. Spermatozoa motility and velocity recording

Spermatozoa velocity (lm/s, measuring only motile spermato-
zoa) andpercentmotile spermatozoa (%)weredeterminedafter trig-
geringmotility under dark-fieldmicroscopy (Olympus BX50, Japan)
(20� objective magnification). For triggering, sperm was diluted
1:5000 in activationmedium(10 mMTris, 10 mMNaCl, 1 mMCaCl2,
pH 8.5). To avoid spermatozoa sticking to themicroscope slide, 0.2%
(w/v) Pluronic (Sigma–Aldrich, USA) was added to the swimming
solution. Spermatozoamotilitywas recordedwith a CCD video cam-
era (SONY DXC-970MD, Japan) mounted on the microscope. Analy-
sis of spermatozoa motility was made in triplicate for each sample.

2.4. Spermatozoa motility and velocity evaluation

Velocity andmotilitywere assessed10, 30, 60, 90, and120 spost-
activation. The successive positions of the video recorded spermato-
zoa heads were analyzed from five video frames using Olympus
MicroImage software (Version 4.0.1. for Windows with a special
macro by Olympus C & S). Velocity and percent motility were calcu-
lated from spermatozoa head positions on five successive frames
with three colors (frame 1 red, frames 2–4 green, and frame 5 blue).
Twenty to 40 spermatozoa were counted for each frame. Those that
moved were visible in three colors, while non-moving spermatozoa
were white. The percent motile was calculated from the number of
white and red cells. Spermatozoa velocity was calculated as lm/s
based on length traces of spermatozoa from blue to green and red
heads, calibrated for magnification.

2.5. Assessment of DNA damage

DNA integrity was assessed using the Comet assay, or single cell
gel electrophoresis assay, following themethod described by Li et al.
[19]. Unless otherwise stated,molecular grade, DNAse-free reagents
(Sigma–Aldrich, USA) were used throughout. Microscope slides
(OxiSelectST; Cell Biloabs, INC.USA)used for the assaywereprepared
in the following manner: the 100 ll sperm sample was diluted in
5 ml of PBS (phosphate buffer solution; Ca2+ andMg2+ free) to obtain
a spermatozoa density of 1 � 107 cells/ml. Diluted samples (200 ll)
were mixed with 700 ll 0.8% NuSieve GTG low melting point aga-
rose (OxiSelectST; Cell Biloabs, INC. USA). Finally, 55 ll of this mix-
ture was added to the slide, and the agarose was allowed to
solidify for 1 h at 4 �C. The slides were immersed in lysis buffer
(2.5 M NaCl, 100 mM EDTA, 10% lysis Solution [OxiSelect™ Comet
Assay Kit], 10% DMSO, pH 10) at 4 �C. Slides were then subjected
to enzyme treatment with proteinase K (1 mg/ml in 2.5 M NaCl,
100 mM EDTA, 10% DMSO, pH 7.4) and incubated overnight at
32 �C. After the proteinase K solution was drained, slides were im-
mersed in a horizontal gel tank filled with freshly mixed
electrophoresis buffer (90 mM Tris Base, 90 mM Boric acid,
2.5 mM EDTA). Electrophoresis was carried out for 20 min at 35 V
and 170 mA. Slides were carefully transferred from the electropho-
resis chamber to a clean containerwith pre-chilledDI H2O for 2 min.
The washing procedure was repeated three times. Slides were
drained well, dehydrated by dipping into absolute ethanol for
5 min, and air-dried for storage. Prior to the analysis, 50 ll of Vista
Green DNA Staining Solution (OxiSelectST; Cell Biloabs, INC. USA)
was added to each agarose spot on the slide and analyzed using an
Olympus BX50 fluorescence microscope at 20� magnification. One
hundred spermatozoa were scored for each sample, and the cap-
tured images were analyzed using CometScore image analysis soft-
ware (TriTek Corporation, USA). Tail length (measured from the
middle of the head to the end of the comet tail) and% Tail DNA (con-
tent of DNA in comet tail) were measured. The percent DNA in tail
and Olive tail moment were calculated using the following
formulas:

%Tail DNA ¼ 100� Tail DNA intensity=Cell DNA intensity

Olive tail moment ¼ %Tail DNA� tail moment length:

2.6. Oxidative stress indices

Sperm samples were centrifuged at 5000�g at 4 �C for 10 min.
The supernatant was carefully collected and discarded. The sper-
matozoa pellet was diluted with 50 mM potassium phosphate
(KPi) buffer, pH 7.0, containing 0.5 mM EDTA to obtain a spermato-
zoa concentration of 5 � 108 cells/ml, then homogenized in an ice
bath using a Sonopuls HD 2070 ultrasonicator (Bandelin Electronic,
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Berlin, Germany). The homogenate was divided into two portions,
one for measuring thiobarbituric acid reactive substances (TBARS)
and carbonyl derivatives of proteins (CP) and a second that was
centrifuged at 12,000�g for 30 min at 4 �C to obtain the post mito-
chondrial supernatant for the antioxidant enzyme activity assay.

The TBARS method described by Lushchak et al. [20] was used
to evaluate sperm lipid oxidation (LO). Its concentration was calcu-
lated by absorption at 535 nm and a molar extinction coefficient of
156 mM/cm. The content of TBARS was expressed as nanomoles
per 108 cells. Carbonyl derivatives of proteins were detected by
reaction with 2,4-dinitrophenylhydrazine according to the method
described by Lenz et al. [21]. The amount of CP was measured spec-
trophotometrically at 370 nm using a molar extinction coefficient
of 22 mM/cm, expressed as nmol per 108 cells.

2.7. Superoxide dismutase activity

Total SOD (EC 1.15.1.1) activity was determined by the method
of Marklund and Marklund [22]. This assay depends on the autox-
idation of pyrogallol. The activity of SOD in supernatant was
assessed spectrophotometrically at 420 nm. One unit of SOD
activity is defined as the amount of the enzyme needed to exhibit
50% dismutation of the superoxide radical per min. Activity was
expressed in international units (or milliunits) mU per 108 cells.

2.8. Evaluation of ATP content

ATP content in spermatozoa was determined after 2 h exposure
to VIN using the bioluminescence method described by Boryshpo-
lets et al. [23]. Sperm samples were diluted in 5 ml boiling medium
containing 100 mM Tris–HCl, pH 7.5 and 4 mM EDTA. After boiling
for 2 min at 98 �C samples were centrifuged at 12,000�g for
20 min. Supernatant was collected and stored at �80 �C before
analysis. A Bioluminescence Assay Kit CLS II (Roche Diagnostics
GmbH, Germany) was used for determination of ATP content.
Luminescence was recorded with a multifunctional microplate
reader Infinite M200 (Tecan, Austria). ATP content was expressed
as nmol ATP/108 spermatozoa.

2.9. Data analysis

All measurements were conducted in triplicate. Normality and
the homogeneity of variance of all data were first tested with the
Kolmogorov test and the Bartlett test, respectively. Data obtained
from the Comet assay were log-transformed if necessary. Values
are expressed as means ± SD (n = 6) and analyzed by factorial
ANOVA. Statistical comparison was made by analysis of variance
(ANOVA) followed by Tukey’s HSD test for each analyzed parame-
ter. The relationships among the parameters were quantified
according to the Spearman’s correlation tests. Values for motility
and velocity only at 10 s post-activation were used. The t-test
was used to establish if the correlation coefficients are significantly
different from zero. All analyses were performed at a significance
level of 0.05 using STATISTICA 9.0 software for Windows.

3. Results

3.1. Spermatozoa motility and velocity

The effect of VIN on percent motile spermatozoa and their
curvilinear velocity was assessed 10, 30, 60, 90, and 120 s post-
activation (Fig. 1 (a and b). Motility and velocity significantly lower
than in the control were observed after exposure to concentrations
of VIN from 2 to 50 lg/l (P < 0.05) at all post-activation times.
Motility parameters of spermatozoa exposed to the lowest

concentration of VIN (0.5 lg/l) were significantly different from
the control only at 10 and 30 s post-activation. In general, motility
and velocity of spermatozoa exposed to VIN concentrations of 15–
50 lg/l were 16–20% lower that in control. A significant positive
correlation (r = 0.713, P < 0.05) was found between percent motile
spermatozoa and ATP content (Table 1). A significant negative cor-
relation (r = �0.628, P < 0.05) between spermatozoa motility and
the level of protein carbonylation was observed. Fig. 2 illustrates
changes in flagella movement after exposure of spermatozoa to
VIN. The beat frequency and number of waves along the flagellum
were significantly lower at the highest concentration of VIN com-
pared to control. Atypical C shaped flagella were observed.

3.2. DNA fragmentation

An illustration of the outcome of this assay for DNA damage is
presented in Fig. 3. Obtained pictures of comets were used to eval-
uate following parameters:% of DNA in Tail (calculated by
formula:% Tail DNA = 100 � Tail DNA Intensity/Cell DNA Intensity)
and Olive tail moment (Olive tail moment = % tail DNA � tail
moment length). Comet assay analysis indicated a dramatic
increase in DNA fragmentation in spermatozoa nuclei after 2 h
exposure to VIN at concentrations of 10–50 lg/l compared to con-
trols (P < 0.05; Fig. 4(a and b). No significant differences (P > 0.05)
in DNA integrity were found between the control group and
spermatozoa exposed to nominal VIN concentrations of 0.5–2 lg/
l. The highest VIN concentration was associated with 20% DNA
fragmentation (Fig. 4a). There was significant correlation
between% DNA in tail and TBARS level (Table 1) (r = 0.354,
P < 0.05).

3.3. Oxidative stress indices and antioxidant response

The level of TBARS and CP were used as indicators of the extent
of LO and protein oxidation, respectively. In the control group,
TBARS level was typically around 0.16 nmol/108 spermatozoa
(Fig. 5). A significantly higher level of LO was observed in
spermatozoa exposed to VIN at 10 lg/l and above. The highest
concentration of VIN enhanced the TBARS level to 0.33 nmol/108

spermatozoa. There was no significant difference in CP level
between spermatozoa in the control group and group exposed to
0.5 lg/l VIN (Fig. 6). A gradual increase in CP level was observed
in groups exposed to concentrations greater than 2 lg/l. The
maximum detected CP was 11.6 nmol/108 in spermatozoa exposed
to 50 lg/l VIN. Spearman’s correlation revealed significant negative
correlation between ATP content and TBARS (r = �0.66, P < 0.05)
and CP (r = �0.61, P < 0.05) levels (Table 1).

The antioxidant activity was assessed by total SOD activity. The
antioxidant response was significantly enhanced in all treatment
groups (Fig. 7). Total SOD was 6.5 mU/108 in spermatozoa at
50 lg/l of VIN compared to 2 mU/108 in controls. An increase in
this parameter was not observed with increasing concentrations
of VIN. A positive correlation was found between SOD activity
and CP level (r = 0.41, P < 0.05).

3.4. ATP content

The ATP levels can indicate decline in quality of fish
spermatozoa. Intracellular ATP content in the control group was
6.8 nmol ATP/108 spermatozoa (Fig. 8). After 2 h exposure to
VIN at concentrations higher than 2 lg/l, the ATP level declined
significantly in a dose-dependent manner. The lowest ATP con-
tent was approximately 5.0 nmol ATP/108 spermatozoa at VIN
concentrations of 15–20 lg/l. ATP content in spermatozoa exhib-
ited a significant positive correlation with motility (r = 0.71,
P < 0.05) and velocity (r = 0.29, P < 0.05) and showed a significant
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negative correlation with TBARS level (r = �0.66, P < 0.05) and CP
(r = �0.61, P < 0.05) (Table 1).

4. Discussion

Environmental contaminants have been shown to induce
reproductive dysfunction in both wildlife and humans [12,24].
Despite the volume of research into the effects of chemicals hav-
ing endocrine-disrupting properties in fish, there is limited evi-

dence that endocrine disruption adversely affects individual
fertility and, hence, poses problems for the wider population.
In this study an attempt was made to determine in vitro the ef-
fects of anti-androgen VIN on spermatozoa performance, using
sterlet as a model organism. Results of the present study suggest
that sturgeon spermatozoa quality, DNA integrity, ATP metabo-
lism, and the antioxidant defense system can be impaired by
VIN-mediated oxidative stress.

Because variations in spermatozoamotilitymight reflect quanti-
tative and qualitative toxic effects of ectogenous contaminants,
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Fig. 1. In vitro effects of vinclozolin on spermatozoa motility (a) and velocity (b) in Acipenser ruthenus. Data are presented as means ± SD. Superscript letters indicate
significant differences among samples at the same time post-activation (ANOVA, P < 0.05).

Table 1
Correlation coefficients among the parameters measured in Acipenser ruthenus spermatozoa after 2 h exposure to vinclozolin. The t-test is used to establish significance of the
correlation between pairs of parameters.

Motility Velocity %DNA in tail Olive tail moment TBARS CP SOD ATP

Motility 1.00
Velocity 0.28 1.00
%DNA in tail �0.36* �0.19* 1.00
Olive tail moment �0.33* �0.23* 0.92* 1.00
TBARS �0.43* �0.202 0.35* 0.29* 1.00
CP �0.62* �0.30* 0.15 0.14 0.24 1.00
SOD �0.45* 0.02 0.11 0.18 0.21 0.41* 1.00
ATP 0.71* 0.29* �0.27* �0.2 �0.66* �0.61* �0.28* 1.00

* P < 0.05 according to the Spearman’s test.
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monitoring of spermatozoa motility parameters is an important
approach in toxicity experiments [25]. In the current study,
spermatozoa motility and velocity were significantly reduced after
in vitro exposure to environmentally relevant concentrations of
VIN. There are several possible ways in which anti-androgens may
affect spermatozoamotility activation andmovement. Inmammals,
it has been shown that anti-androgens repress androgen receptor
(AR) mediated transcriptional activation, by competitive inhibition
of endogenous androgens binding to their receptor [26–30]. Binding
of anti-androgens may result in a conformational change of the
ligand binding domain of AR to bring about interaction with
co-repressors instead of co-activators [31,32]. Besides classical
intracellular steroid hormone receptors, several membrane steroid
receptors, capable of mediating non-genomic steroid actions, have
been described [33,34]. Despite the limited amount of information
about membrane receptors in fish spermatozoa, it is noteworthy
that Thomas andDoughty [35] observed that non-estrogenic aswell
as estrogenic organic compounds could interfere with a rapid non-
genomic progestin action to up-regulate spermatozoa motility in
Atlantic croaker (Micropogonias undulatus).

ATP metabolism is another potential target of VIN. ATP is
essential for spermatozoa motility, and decreased ATP equates
with decreased spermatozoa movement [36]. Several studies have
shown that aquatic pollution might result in intracellular ATP
depletion within cells [4,36]. Pathways to inhibition of ATP

production may differ with pollutant. In general, anti-androgen
agents inhibit the mitochondrial respiratory chain and ATP forma-
tion [37]. In the present study, the percent of motile spermatozoa
was strongly correlated with intracellular ATP content. Both
parameters decreased after 2 h incubation with VIN. ATP concen-
tration within the cell determines motility duration and flagella
beat frequency [36,38]. Therefore, decrease of ATP content could
explain changes in flagella behavior observed in the present
study.

Studies have demonstrated that VIN can induce production of
ROS in cell cultures [39,40]. Oxidative stress results in direct or
indirect ROS-mediated damage of nucleic acids, proteins, and
lipids. The toxic effect of ROS on fish spermatozoa has been
reported for several species [41,42]. In mammals it has been shown
that an accumulation of peroxidation products in mitochondria
leads to a decrease in ATP production and compromises the
maintenance of cell homeostasis [43]. In our study a significant
correlation was found between ATP content and the level of TBARS
and CP. Therefore, we hypothesize that the accumulation of free
radicals (LO and CP) in spermatozoa could indirectly modify energy
metabolism.

Increased levels of LO and CP observed in the present study also
suggest spermatozoa susceptibility to VIN-induced free radical
production. TBARS levels were greater in spermatozoa incubated
with VIN at concentrations >10 lg/l. This is not surprising, since

Fig. 2. Swimming behavior of Acipenser ruthenus spermatozoa incubated with three concentrations of vinclozolin (VIN) (0.5, 15, 50 lg/l). Flagella movement was recorded
under dark field microscopy with stroboscopic illumination at 10, 60, and 120 s post-activation of spermatozoa. Arrows indicate various forms of flagella detected after sperm
exposure to VIN in vitro.
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a major mechanism of action of VIN is lipid peroxidation and mem-
brane disruption [44]. Peroxidation of PUFAs in spermatozoa cell
membranes is an autocatalytic, self-propagating reaction, which
can give rise to cell dysfunction [11]. Lipid oxidation can trigger
the loss of membrane integrity, causing increased cell permeabil-
ity, enzyme inactivation, and structural damages of DNA [45,46].

Increase in CP level also indicates oxidative stress in the cell.
Protein carbonylation is the most frequently used marker of
protein oxidation. There is evidence that oxidative modification
leads to proteolytic degradation, which may affect the structure,
function, and integrity of proteins [41,47,48]. Previous studies have
shown that protein oxidation and accumulation of lipid hydroper-
oxides in the plasma membrane can profoundly affect fertilization
ability of spermatozoa [48]. In this study we observed increased
carbonylation of proteins after 2 h exposure to concentrations of
VIN higher than 2 lg/l. This demonstrates that environmentally
realistic concentrations of anti-androgens such us VIN are capable

of inducing protein oxidation as well as lipid oxidation in sterlet
spermatozoa.

To counteract the damaging effects of ROS, a variety of antiox-
idant enzymes are present in fish spermatozoa [41,49]. Superoxide
dismutase is considered the first line of defense against the effects
of oxyradicals in the cell through catalyzing the dismutation of
superoxide radicals to hydrogen peroxide and molecular oxygen
[5]. In the present study, significantly increased SOD activity was
observed in all treatment groups. This is likely to be an adaptive
response to toxicant stress and serves to neutralize the impact of
increased ROS generation.

Studies of human spermatozoa have revealed that oxidative
stress may induce significant DNA damage in both the mitochon-
drial and nuclear genomes [50]. Lack of repair mechanisms renders
spermatozoan DNA vulnerable to damage, and this damage is
linked to male infertility [51]. Vinclozolin is known to cause DNA
methylation in germ cells of rats and mice and to promote

Fig. 3. Examples from Comet assay of Acipenser ruthenus spermatozoa exposed to differing concentrations of vinclozolin (a) control, (b) 0.5 lg/l, (c) 2 lg/l, (d) 10 lg/l, (e)
15 lg/l, (f) 20 lg/l, and (g) 50 lg/l). Relative changes in DNA fragmentation are represented by an increasing amount of DNA in the comet tail.
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transgenerational disease [52]. However, no data have been
reported on the effect of VIN on DNA integrity of spermatozoa of
aquatic organisms. In the present study, the Comet assay was used
to evaluate the effect of xenobiotic VIN on DNA integrity. Exposure
to VIN at concentrations higher than 10 lg/l enhanced DNA
fragmentation, expressed as percent of DNA in comet tail and Olive
tail moment. Positive correlation was found between the level of
DNA fragmentation and oxidative stress indices, indicating that
the observed DNA damage was a result of a free radical production.
Correlation between loss of DNA integrity and increased TBARS
level is in accordance with other reports [53,54], indicating that
lipid oxidation results in the production of reactive products which
are a major source of endogenous DNA damage.

Results of the present study demonstrated that sterlet sperma-
tozoa are highly sensitive to the presence of small concentrations
of anti-androgenic compounds such as VIN. Environmentally
relevant concentrations of this fungicide are able to induce
oxidative stress in spermatozoa leading to reduced motility,
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DNA integrity, and ATP content. Though the antioxidant system
apparently responds to increased lipid oxidation and carbonyl-
ation of proteins, it seems that the antioxidant capacity of
spermatozoa is not sufficient to prevent cell damage.
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Abstract The protective influence of seminal

plasma and the antioxidants catalase (CAT), superox-

ide dismutase (SOD), and glutathione (GTH) on

quality parameters, oxidative stress indices, and

antioxidant activity was studied in common carp

(Cyprinus carpio) spermatozoa exposed to the xan-

thine–xanthine oxidase (X–XO) system. Fish sperma-

tozoa were incubated for 5 and 20 min at 4 �C with

X–XO concentrations of 1 mM X–0.1 U/mL, 0.6 mM

X–0.05 U/mL, 0.3 mM X–0.025 U/mL, and 0.1 mM

X–0.0125 U/mL. A dose-dependent reduction in

spermatozoa motility and velocity was observed at

concentrations of 0.1 mM X–0.0125 U/mL to 1 mM

X–0.1 U/mL XO. Increase in spermatozoa motility

parameters was recorded following treatment with

antioxidants and seminal plasma. The level of the

oxidative stress indices lipid peroxidation (LPO) and

carbonyl derivatives of proteins (CP) was significantly

reduced after addition of CAT, SOD, or GTH along

with seminal plasma. Significant differences in SOD,

glutathione reductase, and glutathione peroxidase

activity were seen in spermatozoa incubated with,

compared to that without, seminal plasma at all

studied X–XO concentrations. The data demonstrated

that CAT, SOD, or GTH in combination with SP can

reduce reactive oxygen species stress in fish sperma-

tozoa and improve spermatozoa quality.

Keywords Antioxidant enzymes � Carp sperm �
Reactive oxygen species � Seminal plasma �
Spermatozoa motility

Abbreviations

X–XO Xanthine–xanthine oxidase

LPO Lipid peroxidation

CP Carbonyl proteins

TBARS Thiobarbituric acid-reactive substances

SOD Superoxide dismutase

GR Glutathione reductase

GPx Glutathione peroxidase

Introduction

Spermatozoa, like all cells living in aerobic condi-

tions, constantly face the oxygen paradox (de Lami-

rande and Gagnon 1995). Oxygen is essential for life,

but its metabolites, such as reactive oxygen species

(ROS), have detrimental effects on sperm character-

istics (Baumber et al. 2000; Li et al. 2010). Studies

indicate that high levels of ROS have potentially toxic

impact on sperm quality and may alter cell function,
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endanger cell survival, or both (Sikka 2001; Saleh and

Agarwal 2002). However, a certain level of ROS is

needed for normal sperm function (de Lamirande and

Gagnon 1993). Spermatozoa damage may result from

oxidative stress, the level of which depends on the

balance between production and degradation of ROS

(Sharma et al. 1999).

Fish spermatozoa are sensitive to damage by ROS,

since they possess limited endogenous antioxidant

protection while presenting abundant substrates for

free radical attack on polyunsaturated fatty acids

(Gazo et al. 2013; Koppers et al. 2010). When the

production of ROS by spermatozoa mitochondria is

excessive, the gamete’s limited defenses are rapidly

overwhelmed, and oxidative damage induces lipid

peroxidation (LPO), with a resulting loss of vitality

and fertilizing potential (Aitken et al. 1998). The loss

of motility and velocity during short term in vitro

storage in spermatozoa of Russian and Siberian

sturgeon has been attributed to oxidative stress that

significantly impaired cellular metabolism (e.g., oxi-

dative phosphorylation), leading to a subsequent

decline in motility (Shaliutina et al. 2013a, b).

Xanthine oxidase (XO) is one of several enzymes

generating superoxide (O2
-), and its mechanism of

action has been thoroughly studied (Olson et al. 1974).

Xanthine oxidase acting aerobically on xanthine

generates O2
- and hydrogen peroxide (H2O2). The

xanthine–xanthine oxidase (X–XO) system is one of

several ROS-generating systems frequently used in

biology to evaluate the cytotoxic effects of O2
- and

H2O2. Generation of ROS in vitro by the X–XO

system results in a reduction in spermatozoa motility

(Hagedorn et al. 2012).

Semen contains an array of antioxidant mecha-

nisms: Compounds and reactions that dispose of,

scavenge, and suppress the formation of ROS or

counteract their actions (Bansal and Bilaspuri 2010).

Fish seminal plasma (SP) possesses a number of

enzymatic and non-enzymatic components (Liu et al.

1995; Ciereszko et al. 2000; Lahnsteiner et al. 2010)

that play a key role in sperm vitality. Non-enzymatic

substances such as ascorbic acid (Ciereszko and

Dabrowski 1995; Metwally and Fouad 2009), uric

acid (Ciereszko et al. 1999), and a-tocopherol (Martı́-

nez-Páramo et al. 2012) have been shown to be

important in defense of spermatozoa from oxidative

attack, while superoxide dismutase (SOD), glutathi-

one reductase (GR), catalase (CAT), and glutathione

peroxidase (GPx) (Li et al. 2010; Martı́nez-Páramo

et al. 2012) constitute enzymatic antioxidants. Under

in vitro storage conditions, semen antioxidant systems

are slow and inefficient in protection of spermatozoa

from ROS (Lahnsteiner et al. 2010). The addition of

molecules with antioxidant capacity to freezing media

provides effective protection against cold shock and

reduces the oxidative damage during sperm storage

(Cabrita et al. 2011).

We investigated the protective effects of the

antioxidants CAT, SOD, and glutathione (GTH),

along with SP of common carp (Cyprinus carpio)

spermatozoa exposed to the X–XO system. The

common carp is among the most abundantly cultured

fish species and constitutes a representative model for

teleostean species studies.

Materials and methods

All chemicals were purchased from the Sigma-Aldrich

Co. (Praha, Czech Republic).

Maintenance of fish and sperm collection

Male common carp (n = 6), weighing 4.0–4.5 kg,

were obtained from the experimental station of the

Faculty of Fisheries and Protection of Waters, Uni-

versity of South Bohemia at Vodnany, Czech Repub-

lic. Prior to experimentation, fish were held in 4-m3

outdoor plastic tanks with a constant pond water flow

rate of 0.2 L/s. The temperature was 18–21 �C, and O2

was 6–7 mg L-1. Spermiation was stimulated by

intramuscular injection of carp pituitary powder

dissolved in 0.9 % (w/v) NaCl solution at 2 mg kg-1

body weight 36 h prior to stripping. Sperm samples

were obtained by abdominal massage and collected

directly into 10-mL plastic syringes. Care was taken to

avoid contamination with mucus, feces, or water.

Samples were stored 30 min on ice (0–4 �C) in closed
assay tubes until assessment.

Sperm sample preparation

Sperm samples from each of six males were separately

centrifuged at 300g for 30 min at 4 �C. The supernatant
was collected and stored on ice until use. Ten microliter

of spermatozoa pellet was diluted in 990 lL of immo-

bilizingmedium (IM) (200 mMKCl, 30 mMTris–HCl,

1772 Fish Physiol Biochem (2014) 40:1771–1781
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pH 8.0). Reactive oxygen species were generated using

the X–XO system. The final volume of assay solutions

was 1,000 lL. The samples were exposed for 5 and

20 min at 4 �C to the following treatments:

– control–10 lL of spermatozoa in 990 lL of IM

with or without of SP

– 10 lL of spermatozoa plus 1 mMX–0.1 U/mL XO

in 960 lL of IM

– 10 lL of spermatozoa plus 0.6 mM X–0.05 U/mL

XO in 974 lL of IM

– 10 lL of spermatozoa plus 0.3 mMX–0.025U/mL

XO in 982 lL of IM

– 10lL of spermatozoa plus 0.1 mMX–0.0125U/mL

XO in 986.5 lL of IM

– 10 lL of spermatozoa plus 1 mMX–0.1 U/mL XO

in 960 lL of IM and 1lL of SP

– 10 lL of spermatozoa plus 0.6 mM X–0.05 U/mL

XO in 974 lL of IM and 1lL of SP

– 10 lL of spermatozoa plus 0.3 mMX–0.025U/mL

XO in 982 lL of IM and 1lL of SP

– 10lL of spermatozoa plus 0.1 mMX–0.0125U/mL

XO in 986.5 lL of IM and 1lL of SP

Two additional sets of spermatozoa samples were

used to assess the effect of antioxidants. The first was

exposed to 1 mM X–0.1 U/mL XO in IM combined

with either CAT (Sigma-Aldrich Co., cat. no. C1345),

SOD (Sigma-Aldrich Co., cat. no. S5395), or GTH

(Sigma-Aldrich Co., cat. no. G6137). The remaining

set was incubated with the same antioxidants (10 lL
of 0.1 mM CAT, SOD, or GTH in 990 lL of assay

solution) plus 1 lL of SP. Each sample was subdi-

vided and incubated at 4 �C for either 5 or 20 min.

The spermatozoa concentration was calculated

according to methods described by Caille et al.

(2006). Spermatozoa concentration was expressed as

108 spermatozoa/mL of sperm.

Analysis of spermatozoa motility and velocity

Percent of motile sperm cells (%) and velocity of

motile spermatozoa (lm s-1) were assessed at 10 s

post-activation. For triggering motility, 1 lL of sperm

was diluted with 49 lL of distilled water on a glass

slide pre-positioned on the microscope stage. To

prevent spermatozoa from sticking to the slide, 0.1 %

bovine serum albumin was added to the swimming

medium. Spermatozoa motility was recorded with a

CCD video camera (SONY SSCDC50AP, Japan)

mounted on a microscope illuminated with Exposure-

Scope� (FROV, Czech Republic). Successive posi-

tions of spermatozoa heads were analyzed from video

frames using Olympus Micro-Image software, Ver-

sion 4.0.1. for Windows, with a special macro by

Olympus C & S. The trajectory of the spermatozoa

head movement was recorded and traced from five

overlapping successive frames with frame 1 red,

frames 2–4 green, and frame 5 blue. Spermatozoa

motility and velocity were calculated as described by

Rodina et al. (2007). Assessment of spermatozoa

motility was conducted in triplicate for each sample.

Oxidative stress indices

Sperm samples were centrifuged at 5,000g at 4 �C for

10 min. The supernatant was carefully collected and

discarded. The spermatozoa pellet was suspended in

50 mM potassium phosphate (KPi) buffer, pH 7.0,

containing 0.5 mM EDTA to obtain a spermatozoa

concentration of 5 9 108 cells/mL, and then homoge-

nized in an ice bath using a Sonopuls HD 2070

ultrasonicator (Bandelin Electronic, Berlin, Germany).

The homogenate was divided into two portions: one in

which thiobarbituric acid-reactive substances (TBARS)

and carbonyl derivatives of proteins (CP) were mea-

sured and a second that was centrifuged at 12,000g for

30 min at 4 �C toobtain post-mitochondrial supernatant

for the antioxidant enzyme activity assay.

The TBARS method, as described by Lushchak

et al. (2005), was adapted to evaluate LPO in

spermatozoa. The TBARS concentration was calcu-

lated by light absorption at 535 nm on a spectropho-

tometer, using a molar extinction coefficient of

156 mM cm-1. The TBARS content was expressed

as nanomoles per 108 cells.

Carbonyl derivatives of proteins were detected by

reaction with 2,4-dinitrophenylhydrazine (DNPH)

according to the method described by Lenz et al.

(1989). The amount of CP was measured spectropho-

tometrically at 370 nm using a molar extinction

coefficient of 22 mM cm-1, expressed as nmol per

108 cells. Oxidative stress indices were obtained in

triplicate for each sample.

Antioxidant variables

Total SOD activity was determined by the method of

Marklund andMarklund (1974), which depends on the

Fish Physiol Biochem (2014) 40:1771–1781 1773
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autoxidation of pyrogallol. The activity of SOD in the

spermatozoa pellet was assessed spectrophotometri-

cally at 420 nm. One unit of SOD activity was defined

as the amount of the enzyme needed to exhibit 50 %

dismutation of the superoxide radical per min. Activity

was expressed in international units (or milliunits),

mU per 108 cells.

Glutathione peroxidase activity was assayed based

on the rate of NADPH oxidation at 340 nm by the

coupled reactionwithGR. The activitywas determined

using the extinction coefficient of 6.22 9 103 M/cm

(Lawrence and Burk 1976) and expressed as interna-

tional units (or milliunits), mU per 108 cells.

Glutathione reductase activity was estimated spec-

trophotometrically, measuring NADPH oxidation at

340 nm (Carlberg and Mannervik 1975). One unit of

GPx or GR activity was defined as the amount of the

enzyme that consumes 1 lmol of substrate or generates

1 lmol of product per min. Activity was expressed as

international units (or milliunits), mU per 108 cells.

All antioxidant activity variables were obtained in

triplicate for each sample.

Statistical analysis

Prior to statistical comparisons of the variables, data

were tested by the Kolmogorov test and the Bartlett

test. Percent motile spermatozoa and spermatozoa

velocity were determined for each male at a single

time point following activation. Measurements were

conducted in triplicate. Values, including TBARS, CP,

SOD, GR, and GPx level, were expressed as

mean ± SD (n = 6) and analyzed by analysis of

variance (factorial ANOVA). Statistical comparison

was made by ANOVA followed by Tukey’s HSD test

for each analyzed variable. All analyses were per-

formed at a significance level of 0.05 using STATIS-

TICA 9.0 software for Windows.

Results

Spermatozoa motility and velocity

The X–XO system was effective in inducing a stress

reaction in common carp. In the presence of X–XO

system, motility and velocity of spermatozoa

decreased in a time- and dose-dependent manner

compared with the control.

Direct observation of undiluted sperm using dark-

field microscopy showed most spermatozoa of com-

mon carp to be devoid of progressive motility, with the

flagella straight and quivering slightly. Following

dilution in activation medium, a majority of the

samples showed 95–100 % spermatozoa motility

within 10 s. During the incubation periods of 5 and

20 min, motility and velocity of spermatozoa

decreased significantly (ANOVA; P\ 0.05) with

increasing levels of X–XO. Motility parameters of

spermatozoa exposed to the highest concentration of

xanthine (1 mM) and XO (0.1 U/mL) and incubated

for 20 min showed the lowest values. The addition of

CAT increased both spermatozoa velocity to

204.34 ± 7.87 lm s-1 after 5 min incubation and to

177.1 ± 10.7 lm s-1 after 20 min incubation as well

as percentage of motile spermatozoa (to 90.4 ± 3.7 %

after 5 min incubation and 85.6 ± 3.9 % after 20 min

incubation). Moreover, SOD and GTH improved both

the percentage of motile spermatozoa and spermato-

zoa curvilinear velocity (VCL) to near control levels

(Figs. 1, 2). Significantly higher values of spermato-

zoa motility parameters (ANOVA; P\ 0.05) were

observed after incubation of spermatozoa with SP and

X–XO at all tested concentrations compared with

samples incubated without SP (Figs. 1, 2).

Oxidative stress indices

Levels of TBARS and CP were used as indicators of

the extent of LPO and protein oxidation, respectively,

to assess X–XO-generated oxidative stress in sperma-

tozoa. Similar to spermatozoa motility and velocity,

the level of LPO was affected by ROS in a dose- and

time-dependent manner.

Significant differences (ANOVA; P\ 0.05) in

levels of TBARS were found between spermatozoa

samples incubated with SP and samples incubated

without SP at all analyzed X–XO concentrations

(Fig. 3). The maximum level of LPO was observed in

spermatozoa exposed to the X–XO system at concen-

trations of 1 mM–0.1 U/ml, with the minimum

detected at 0.3 mMX–0.025U/mL XO in the presence

of CAT and SP (0.18 ± 0.03 nmol/108 cells).

The level of CP increased significantly in sperma-

tozoa of common carp with increasing incubation time

in the presence of the X–XO system. However, there

was no significant difference (ANOVA; P[ 0.05) in

CP between spermatozoa incubated with SP and that

1774 Fish Physiol Biochem (2014) 40:1771–1781
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without over 5-min incubation. The highest detected

CP level was 23.2 nmol/108 cells in spermatozoa

exposed to 1 mM X–0.1 U/mL XO in IM, combined

with SOD (Fig. 4).

Enzymatic responses

The antioxidant activity was assessed as GR, GPx, and

total SOD activity. Significant changes (ANOVA;

P\ 0.05) in total SOD activity were seen between

spermatozoa samples incubated with and without SP

at all studied X–XO concentrations. In addition, a

gradual increase (ANOVA; P\ 0.05) in SOD activity

was observed with increasing concentrations of

X–XO and duration of incubation. Combinations of

X–XO ? SOD, X–XO ? CAT, and X–XO ? GTH

mitigated spermatozoa SOD activity (Fig. 5).

Glutathione reductase activity showed a trend

similar to that of SOD (Fig. 6), and significant

Fig. 1 The xanthine–

xanthine oxidase (X–XO)

system and the impact of

antioxidants and seminal

plasma on common carp

(Cyprinus carpio)

spermatozoa velocity.

Control indicates control

group where sperm samples

were incubated for 5 or

20 min in the IM (200 mM

KCl, 30 mM Tris–HCl,

pH 8.0) with or without of

SP. Data are presented as

mean ± SD. Superscripts

indicate significant

differences among samples

(ANOVA, P\ 0.05)

Fig. 2 The xanthine–xanthine oxidase (X–XO) system and the

impact of antioxidants and seminal plasma on common carp

(Cyprinus carpio) spermatozoa motility. Control indicates

control group where sperm samples were incubated for 5 or

20 min in the IM (200 mMKCl, 30 mMTris–HCl, pH 8.0) with

or without of SP. Data are presented as mean ± SD. Super-

scripts indicate significant differences among samples

(ANOVA, P\ 0.05)

Fish Physiol Biochem (2014) 40:1771–1781 1775
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differences (ANOVA; P\ 0.05) in activity of GR

between spermatozoa samples incubated with and

without SP were observed at all investigated X–XO

concentrations. The highest value of GR activity

(26.15 ± 1.98 mU/108 cells) was recorded in sper-

matozoa incubated with 1 mM X–0.1 U/mL XO for

20 min. No significant (P[ 0.05) differences in GR

activity were detected among spermatozoa samples

held for 5 min with X–XO ? SOD, X–XO ? CAT,

or X–XO ? GTH with or without SP. After 5 min of

incubation at 0.1 mM X–0.0125U/mL XO, GR

activity of spermatozoa reached 9.5 mU/108 com-

pared with the control where 6.1 mU/108 was

observed.

TheminimumdetectedGPx activitywas2.3 mU/108

in spermatozoa exposed to 0.1 mM X–0.0125 U/mL

XO with SP and incubated for 5 min, whereas the

maximum (17.51 ± 1.41 mU/108 cells) was observed

in samples incubated with 1 mM X–0.1 U/mL XO for

20 minwithout SP. Spermatozoa subjected to the action

of 1 mM X–0.1 U/mL XO combined with CAT, SOD,

or GTH showed significantly higher activity of GPx

Fig. 3 Effect of antioxidants and seminal plasma on TBARS

level in common carp Cyprinus carpio spermatozoa exposed to

the xanthine–xanthine oxidase (X–XO). Control indicates

control group where sperm samples were incubated for 5 or

20 min in the IM (200 mMKCl, 30 mMTris–HCl, pH 8.0) with

or without of SP. Data are presented as mean values ± SD.

Different letters indicate significant differences among samples

(ANOVA, P\ 0.05)

Fig. 4 Effect of

antioxidants and seminal

plasma on CP level in

common carp Cyprinus

carpio spermatozoa exposed

to the xanthine–xanthine

oxidase (X–XO) system.

Control indicates control

group where sperm samples

were incubated for 5 or

20 min in the IM (200 mM

KCl, 30 mM Tris–HCl,

pH 8.0)with orwithout of SP.

Data are presented as mean

values ± SD. Different

letters indicate significant

differences among samples

(ANOVA, P\0.05)
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compared with samples exposed to the same combina-

tions plus SP (Fig. 7).

Discussion

As a first step toward understanding how SP and

antioxidants may protect sperm exposed to the X–XO

system, oxidative stress indices, antioxidant activity,

and spermatozoa motility and velocity of common

carp sperm were assessed.

Over the past two decades, considerable knowledge

has been accumulated concerning the mechanism of

action of X–XO. It was demonstrated that the X–XO

system generates ROS that are involved in spermato-

zoa damage (Griveau et al. 1995), resulting in

Fig. 5 Influence of antioxidants and seminal plasma on SOD

activity in common carp Cyprinus carpio spermatozoa exposed

to the xanthine–xanthine oxidase (X–XO) system. Control

indicates control group where sperm samples were incubated for

5 or 20 min in the IM (200 mMKCl, 30 mM Tris–HCl, pH 8.0)

with or without of SP. Data represent mean values ± SD.

Different letters indicate statistical significance among samples

(ANOVA, P\ 0.05)

Fig. 6 Influence of antioxidants and seminal plasma on GR

activity in common carp Cyprinus carpio spermatozoa exposed

to the xanthine–xanthine oxidase (X–XO) system. Control

indicates control group where sperm samples were incubated for

5 or 20 min in the IM (200 mMKCl, 30 mM Tris–HCl, pH 8.0)

with or without of SP. Data represent mean values ± SD.

Different letters indicate statistical significance among samples

(ANOVA, P\ 0.05)
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decreasedmotility, presumably associated with a rapid

loss of intracellular ATP, axoneme injury, and mid-

piece morphological defects (Sikka 1996; Bansal and

Bilaspuri 2007). In the present study, we found

common carp spermatozoa to be activated immedi-

ately after transfer to swimming medium, and

95–100 % spermatozoa became motile, a result that

agrees with the previous observations (Cosson et al.

2000; Shaliutina et al. 2012). Spermatozoa motility

decreased after exposure to varying concentrations of

X–XO. Sperm samples exposed to the highest levels of

X–XO and incubated for 20 min demonstrated a

significant loss of motility and velocity. The decrease

in spermatozoa motility parameters after X–XO

treatment has several possible explanations. de Lam-

irande and Gagnon (1992) suggested that spermatozoa

motility may be the most sensitive indicator of

oxidative stress, because high levels of ROS inhibit

one or more enzymes of oxidative phosphorylation

and/or glycolysis, limiting the generation of ATP. In

the present work, common carp spermatozoa exposed

to the X–XO demonstrated increased levels of LPO

and protein carbonylation, indicating that oxidative

stress was induced by the X–XO system. The

percentage of motile spermatozoa and spermatozoa

velocity was slightly increased after addition of the

antioxidants CAT, SOD, or GTH compared with the

motility and velocity of sperm exposed to X–XO

alone. These results are in agreement with findings

reported in zebrafish Danio rerio by Hagedorn et al.

(2012), which showed that CAT improved viability

andmotility of spermatozoa exposed to the products of

the X–XO system. Spermatozoa have limited antiox-

idant capacity to defend against ROS attack and are

highly dependent on their intrinsic intracellular anti-

oxidants and the antioxidant protection of the SP

(Koziorowska-Gilun et al. 2011). The present study

showed that the addition of SP to spermatozoa samples

exposed to the X–XO system and to combinations of

X–XO ? CAT, X–XO ? SOD, or X–XO ? GTH

significantly increased spermatozoa movement. This

has led us to hypothesize that SP, even in small

amounts, possesses the capacity to protect sperm from

the harmful consequences of oxidative attack. SP also

seems to have stronger capacity to maintain a

relatively neutral and protective environment for

sperm function compared with intracellular

components.

Lipid peroxidation occurs when polyunsaturated

lipids undergo oxidative damage (Aitken et al. 1995).

The high polyunsaturated fatty acid content of the

spermatozoon membrane makes it susceptible to such

damage (Trenzado et al. 2006). Lipid peroxidation in

spermatozoa leads to loss of membrane integrity,

causing increased cell permeability, enzyme inactiva-

tion, and resistance to osmotic shock, resulting in

decreased fertilization potential (Shiva et al. 2011). In

addition, protein oxidization may be detrimental to

Fig. 7 Influence of antioxidants and seminal plasma on GPx

activity in common carp Cyprinus carpio spermatozoa exposed

to the xanthine–xanthine oxidase (X–XO) system. Control

indicates control group where sperm samples were incubated for

5 or 20 min in the IM (200 mMKCl, 30 mM Tris–HCl, pH 8.0)

with or without of SP. Data represent mean values ± SD.

Different letters indicate statistical significance among samples

(ANOVA, P\ 0.05)
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sperm function, with plasma membrane structural

proteins as well as proteins having enzymatic activity

being affected (Domı́nguez-Rebolledo et al. 2010).

Lipid peroxidation is particularly dangerous for

aquatic animals, since they normally contain greater

amounts of highly unsaturated fatty acids than are

found in other species. Lipid peroxidation has been

reported to be a major contributor to the loss of cell

function under oxidative stress (Storey 1996) and is

generally assessed in fish by level of TBARS (Oakes

and Van der Kraak 2003). The maximum level of

TBARS in the present study was in spermatozoa

exposed to the X–XO system at the concentration

1 mM–0.1 U/mL and incubated for 20 min. This is not

surprising, since a major mechanism of X–XO action

is LPO and membrane disruption (Choi et al. 1996). In

an effort to protect spermatozoa from the damaging

effects of the X–XO system, SP, the enzymatic

antioxidants such as CAT and SOD, and non-enzy-

matic antioxidant GTH, was added. CAT together

with SP in the incubation medium significantly

reduced the cytotoxic effect of the X–XO system

and decreased the TBARS level, providing evidence

that CAT is a powerful antioxidant that can intercept

lipid peroxyl radicals and break the chain of LPO

(Hagedorn et al. 2012), as was clearly observed when

this antioxidant was added to spermatozoa in the

presence of ROS. CAT in combination with SP seems

to play a more significant role in protection against

LPO than does SOD or GTH (Link and Riley 1988).

Increase in CP level also indicates oxidative stress

in the sperm cell and is the most frequently used

marker of protein oxidation (Li et al. 2010). There is

evidence that oxidative modification leads to proteo-

lytic degradation, which may affect the structure,

function, and integrity of proteins (Zhang et al. 2008).

However, in our previous work (Shaliutina et al.

2013a, b), we concluded that the low level of oxidative

stress indices in SP seems to play no role in cellular

metabolism (e.g., oxidative phosphorylation) of

sperm, which could lead to subsequent decline of

motility variables. In the present study, the tested

concentrations of X–XO (1 mM–0.1 U/mL), in com-

bination with SOD, were associated with a significant

increase in CP level after 20 min exposure, whereas a

noticeable decrease in CP level was observed in

spermatozoa samples incubated in the presence of SP.

Our results also suggested that CP was more sensitive

than LPO as an indicator of oxidative stress in

common carp spermatozoa, but further investigation

is needed to explore possible reasons.

Fish spermatozoa are equipped with a system of

antioxidant defense against ROS attack. Antioxidants

represent the primary defense against oxidative stress

induced by free radicals and are critical to maintaining

sperm viability (Ciereszko et al. 2000). However, the

precise mechanism of action of antioxidant systems in

fish sperm remains unknown (Lahnsteiner et al. 2010).

In the current work, antioxidant activity was evaluated

as total SOD, GR, and GPx activity. SOD is consid-

ered the first line of defense against the effects of

oxyradicals in the cell through catalyzing the dismu-

tation of superoxide radicals to hydrogen peroxide and

molecular oxygen (Li et al. 2010). Combinations of

X–XO ? SOD, X–XO ? CAT, or X–XO ? GTH

were found to mitigate spermatozoa SOD activity.

Addition of SP provided better results. It is likely that

the abatement of SOD activity in common carp

spermatozoa is compensated for by the addition of

other enzymatic antioxidants and by the antioxidant

properties of SP proteins.

The enzyme system comprising GR provides

defense against LPO inmammalian sperm, and defects

in the activity of this enzyme can lead to a loss of cell

function (Cheema et al. 2009). Our results showed that

the addition of CAT, SOD, or GTH had a positive

effect on sperm GR activity. Lahnsteiner et al. (2011)

demonstrated reduction in the damaging effects of

ROS by the addition of antioxidant compounds to the

freezing media prior to cryopreservation of fish sperm;

however, the influence of each antioxidant is species-

specific, improving different parameters of sperm

quality depending on the type of antioxidant and

concentration used (Cabrita et al. 2011).

Glutathione peroxidase, a ROS scavenger, plays a

role in protecting spermatozoon membranes from the

deleterious effects of LPO (Alvarez and Storey 1989).

Additionally, GPx can inhibit LPO of the cell mem-

brane (Sharma and Agarwal 1996). Our previous study

(Shaliutina et al. 2013a, b) presented little differences

in GPx level between SP and spermatozoa in common

carp that likely is an adaptive response to toxicant

stress and serves to neutralize the impact of increased

ROS generation. In the present study, a significant

enhancement of GPx activity was observed with

increasing concentration of X–XO. We hypothesize

that the increase in GPx activity was an adaptive

response to toxic stress and served to neutralize the

Fish Physiol Biochem (2014) 40:1771–1781 1779
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impact of increased ROS generation. The presence of

the investigated antioxidants in the incubation system

did not significantly affect GPx activity, while the

addition of SP reduced activity of GPx in all tested

samples. Our results are in agreement with those

observed in humans (Aitken et al. 1993).

Conclusions

The study demonstrated that common carp spermato-

zoa are highly sensitive to the effects of the X–XO

system. The X–XO system induces oxidative stress in

spermatozoa leading to reduced motility and velocity.

However, the use of CAT, SOD, or GTH in combi-

nation with SP showed that SP plays an important role

in the reduction of ROS induced by X–XO. Further

studies should determine whether the protection

afforded by SP is correlated with its antioxidant

properties, and this work is in progress in our

laboratory.
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THE EFFECT OF REACTIVE OXYGEN SPECIES ON MOTILITY PARAMETERS, DNA 
INTEGRITY, TYROSINE PHOSPHORYLATION AND PHOSPHATASE ACTIVITY OF 
COMMON CARP (CYPRINUS CARPIO L.) SPERMATOZOA
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SUMMARY

The effect of reactive oxygen species production on the motility parameters, DNA
integrity, acid phosphatase activity, and protein tyrosine phosphorylation in sperma-
tozoa of the common carp (Cyprinus carpio) was investigated. Spermatozoa were
exposed to different concentrations of xanthine and xanthine oxidase (X-XO) either in
the presence or absence of antioxidants for 15 and 60min. A dose- and time-
dependent reduction in spermatozoa motility and velocity was observed. Comet
assays showed a dramatic increase in DNA fragmentation after 15min. Changes in
tyrosine phosphorylation of spermatozoa proteinswere observed byWestern blotting
with anti-phosphotyrosine antibodies, and proteins of interest were identified bymass
spectrometry. After a 60min exposure to X-XO, O-linked N-acetylglucosamine
transferase, isoform 4 was phosphorylated and septin-8-A was dephosphorylated.
Acid phosphatase activity also decreased in a dose-dependentmanner after a 60min
exposure to oxidative stress. The results demonstrate that oxidative stress impaired
functional variables (spermmotility, velocity, DNA integrity) of carp spermatozoa, and
altered intracellular signalling pathways through changes in tyrosine phosphorylation
and acid phosphatase activity.
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INTRODUCTION

Sperm cells of externally fertilizing species, including
most fish, are particularly vulnerable to oxidative stress
when released into the aquatic environment because of
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the insufficient protection provided by their membranes.
In sperm of freshwater teleosts, the hypotonic shock
required for motility also enhances production of reactive
oxygen species (ROS) as well as a variety of other
deleterious compounds such as quinones (Morisawa
and Suzuki, 1980; Zhou et al., 2006). This situation
contrasts with internal fertilization, such as used by mam-
mals, which offers better protection of spermatozoa
against the overwhelming aggression of ROS during
their transit in the genital tracts. In fish, spermatozoa
cryopreservation (Li et al., 2013) and short-term storage
(Shaliutina et al., 2013) may also increase oxidative
stress, leading to sub-lethal or lethal spermatozoa
damage.

ROS are short-lived, highly reactive chemical species
(atoms or small molecules) that include oxygen ions and
peroxides. The high reactivity of ROS is a consequence of
unpaired valence-shell electrons, which can generate
significant damage to cellular structures. ROS may be
produced endogenously by intracellular oxidase and per-
oxidase enzymes, such as xanthine oxidase and nitric
oxide synthase, or are by-products of the activity of other
enzymes, such as cytochrome p450. Indeed, the main
source of ROS in most cells is electron leakage from the
inner mitochondrial membrane during oxidative phos-
phorylation and ATP generation (Ford, 2004; Ray
et al., 2012).

Excessive levels of ROS from exogenous or endoge-
nous sources have been shown to be harmful to sperma-
tozoa, as they lead to lipid peroxidation of the plasma
membrane. In human spermatozoa, this damage compro-
mises cellular function, decreasesDNA integrity, and alters
protein conformation (Agarwal et al., 2003; Agarwal and
Said, 2005). Studies of mammalian spermatozoa have
shown that low concentrations of ROS trigger sperm cell-
signalling events (cAMP production) and regulate physio-
logical functions, such as capacitation and the acrosome
reaction (OFlaherty et al., 2006). Spermatozoa of the
common carp, however, do not require cAMP for motility
and lack an acrosome (Krasznai et al., 2000). Thus the
influence of ROS on carp spermatozoa may be different
from the one utilized by mammals or other species pos-
sessing a sperm acrosome.

Fish spermatozoa are generally characterized by a
short motility period��less than 60 sec in some
species��so the level of sperm motility achieved be-
comes a key contribution to the successful delivery of
paternal DNA to an egg. Oxidative stress, however, may
impair sperm motility as well as DNA integrity (Zhou
et al., 2006). The importance of these parameters and
their sensitivity to the presence of free radicals makes
them good gauges of ROS level, although the ROS
mechanism of action and effect on intracellular signal-
ling pathways in fish spermatozoa remain to be
elucidated.

Protein tyrosine phosphorylation is one of the most
extensively studied post-translational modifications in
spermatozoa (OFlaherty et al., 2006). Tyrosine phosphor-
ylation of sperm proteins plays a crucial role in the

regulation of flagellar motility in spermatozoa of various
species (Visconti et al., 1995; Inaba, 2003). The
phosphorylation status of proteins on serine/threonine
(Ser/Thr) and tyrosine (Tyr) residues is controlled by
the reciprocal activity of protein kinases and protein
phosphatases, which are influenced by cellular redox
status (Aitken et al., 1995; Ray et al., 2012).

The xanthine-xanthine oxidase (X-XO) system gener-
ates a mixture of superoxide anion (O2

�) and hydrogen
peroxide (H2O2) (Aitken et al., 1993). The scavenging
enzymes superoxide dismutase (SOD) and catalase se-
lectively remove super oxide anion (O2

�) and hydrogen
peroxide (H2O2), respectively, from the cytosol. In com-
bination, the X-XO system and antioxidant enzymes al-
lows for the investigation of superoxide anion and
hydrogen peroxide effects on fish spermatozoa. In the
present study, the effects of ROS production on motility
and DNA integrity of spermatozoa from the freshwater
fish species Cyprinus carpio L. (the common carp) were
tested. To explore the role of free radicals in spermatozoa
intracellular signalling, we examined the influence of ROS
on tyrosine phosphorylation and acid phosphatase
activity.

RESULTS

The Effect of ROS Production on Spermatozoa
Motility and Velocity

The effect of ROS production on the percentage of
motile spermatozoa and their curvilinear velocity was as-
sessed at 10, 30, 50, and 70 sec post-activation (Fig. 1). In
the presence of the X-XO system, motility rate and velocity
of spermatozoa decreased in a time- and dose-dependent
manner compared to the control. More than 80% of the
spermatozoa were motile at 10 sec post-activation (mean
velocity, 150� 5.8mm/sec) in the control group, whereas
only 41% of the population was motile (mean velocity,
99� 4.9mm/sec) after 15min incubation with 1mM X-
0.1U/ml XO, and fewer than 10% of spermatozoa were
motile (mean velocity, 83� 3mm/sec) after 60min
incubation.

Oxidative stress also induced a delay in the activation of
motility. In the control group, the highest rate of motile
spermatozoa was observed at 10 sec post-activation and
endured until 50 sec post-activation. In contrast, sperma-
tozoa exposed to 1mM X-0.1U/ml XO and 0.6mM X-
0.05U/ml XO achieved maximum motility at 30 sec and
remained high up to 70 sec post-activation.

Pre-incubation with the antioxidant enzymes catalase
and SOD partially prevented the reduced spermatozoa
motility induced by X-XO. Spermatozoa pre-incubated
with 200U/ml catalase showed 34% motile spermatozoa
(mean velocity, 99.8� 7.3mm/sec) after 60min of incu-
bation in 1mM X-0.1mM XO, which is significantly
higher than observed in spermatozoa exposed to X-
XO only. SOD was slightly less effective in protecting
spermatozoa against X-XO-induced damage: following a
60min incubation with the ROS generating system, a

THE EFFECT OF ROS ON SPERMATOZOA OF COMMON CARP
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delay in motility activation was observed in spermatozoa
pre-incubated with 200U/ml SOD. The highest rate of
spermatozoa motility was 30%, observed at 50 sec post-
activation.

Spermatozoa DNA Integrity Under Oxidative
Stress

Comet-assay analysis indicated a dramatic increase in
DNA fragmentation in spermatozoa nuclei after a 15-min
exposure to 1mM X-0.1U/ml XO (Fig. 2). After a 60-min
exposure, DNA fragmentation reached 25%whereas 8.6%
wasobserved in the control. Similar to spermatozoamotility
and velocity, DNA integrity was declined by ROS in a dose-
and time-dependent manner.

Pre-incubation with antioxidant enzymes resulted in
significantly lower DNA fragmentation, with only 17�19%
of nuclear DNA showing impairment after a 60min incuba-
tion with X-XO. No difference was observed between
samples with SOD and catalase, suggesting that the

protective potential of SOD and catalase against DNA
fragmentation is the same.

The Effect of X-XO on Protein Tyrosine
Phosphorylation

Loss of spermatozoa motility and DNA fragmentation
suggest that incubation of spermatozoa for 60min with X-
XO leads to prominent oxidative damage. In order to
identify the effects of this oxidative damage, protein phos-
phorylation was evaluated (Fig. 3). Incubation with phos-
pho-tyrosine antibodies revealed changes in the
phosphorylation status of two proteins: a 110-kDa protein
was phosphorylated while a 48-kDa protein was dephos-
phorylated in the presence of X-XO.

Proteins extracted from control spermatozoa and sper-
matozoa exposed to 1mM X-0.1U/ml XO were separated
by 2-dimensional gel electrophoresis, blotted, and probed
with anti-phosphotyrosine antibodies to identify which pro-
teins were involved in the response to oxidative stress

Figure 1. Theeffect of ROS levels on spermatozoamotility (A) and velocity (B) in the commoncarp.Data
are presented as means� standard deviation. Superscripts indicate significant differences among
samples (ANOVA, P<0.05).

Molecular Reproduction & Development GAZO ET AL.

50 Mol. Reprod. Dev. 82:48–57 (2015)



- 62 -

Chapter 4

(Fig. 4). These two-dimensional gel immunoblots revealed
that the 110-kDa band was not a single protein but a
cluster of proteins with the same molecular weight but
different isoelectric points (pI) (6.5�6.75) (Figs. 4 and 5).

The 48-kDa band was a single protein with pI 6.5 (Figs. 4
and 5).

Among the proteins observed by two-dimensional gel
electrophoresis and Western blotting, two spots were
identified by mass spectrometry (Table 1). The most
neutral 110-kDa protein (Spot 3) was identified as the
O-linked N-acetylglucosamine transferase, isoform 4,
while the 48-kDa protein (Spot 4) was identified as sep-
tin-8-A. Sequences of identified proteins were analyzed
with NetPhos 2.0 (http://www.cbs.dtu.dk/services/Net-
Phos/), which predicts potential phosphorylation sites in
proteins. Fifteen putative phosphorylated tyrosine resi-
dues were found in O-linked N-acetylglucosamine trans-
ferase, isoform 4, among which 11 have a high score
(>0.8); three phosphorylation sites were predicted for
septin-8-A, all with scores >0.7.

Figure 2. Influenceof theX-XOsystemonDNA fragmentation in carp spermatozoa, asmeasuredby the
comet assay. Data represent mean percentage of DNA in the tail� standard deviation. Different letters
indicate statistical significance among samples (ANOVA, P<0.05).

Figure 3. Western-blot analysis with anti-phosphotyrosine antibodies
of carp spermatozoa proteins separated by SDS-PAGE. Control in-
dicates the untreated group;X1�X0.3 indicates spermatozoa exposed
to different concentrations of X-XO in immobilizing medium for 1 hr;
SOD and Cat indicates spermatozoa pre-incubated with 200U/ml of
SOD or catalase, respectively, and then subsequently exposed to
1mM xanthine plus 0.1U/ml xanthine oxidase for 1 hr. Spermatozoa
proteins were subjected toWestern-blot analysis (25mg per lane) with
anti-phosphotyrosine antibodies. The numbers on the left indicate the
molecular-weight standard. Positions of proteins of interest that show
differential phosphorylation are indicated on the right.

Figure 4. Western-blot analysis with anti-phosphotyrosine antibodies
of carp spermatozoa proteins separated using two-dimensional gel
electrophoresis. Labelled spots represent proteins that were phos-
phorylated or dephosphorylated at tyrosine residues.
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Acid Phosphatase Activity in Spermatozoa
Exposed to Oxidative Stress

To understand the underlying changes in protein tyro-
sine phosphorylation and dephosphorylation that were
induced by ROS production, the activity of acid phospha-
tase was measured in spermatozoa exposed to oxidative
stress. Acid phosphatase activity decreased in a dose-
dependent manner after incubation for 60min with X-XO
(Fig. 6). At the highest X-XO concentration, however, acid
phosphataseactivitywas significantly lower (30U/L) than in
the control (38U/L). The presence of catalase returned
activity to control levels. Pre-incubation with SOD, on the
other hand, had a minimal effect, retaining phosphatase
activity at levels similar to those observed with 1mM X-
0.1U/ml XO. In presence of the tyrosine phosphatase
inhibitor sodium orthovanadate, acid phosphatase activity
was significantly lower than in the control.

DISCUSSION

Numerous studies have described the effect of ROS on
mammalian spermatozoa (de Lamirande et al., 1997;
Aitken and Baker, 2006), but only a few studies have dealt
with the role ofROS in fish spermatozoa (Morita et al., 2011;
Hagedorn et al., 2012). This is surprising since the sper-
matozoa of freshwater fish are particularly vulnerable to
oxidative injury, as they are delivered into a non-protective
environment at spawning.

In the current study using spermatozoa of the common
carp, excess ROS led to decreases in sperm motility,
velocity, and DNA integrity in a time- and dose-dependent
manner. We previously showed that, in the presence of
various xenobiotic compounds, both spermatozoa motility
andDNA integrity are inversely correlatedwith indicators of
oxidative stress such as lipid oxidation and protein carbon-
ylation (Gazo et al., 2013; Linhartova et al., 2013), so DNA
fragmentation is a reliable metric of free-radical mediated
damage induced by oxidative stress (Kodoma et al., 1997).
The results presented here indicate the accumulation of
oxidative damage in a time- and dose-dependentmanner in
sperm samples incubated with X-XO. Although catalase
and SOD partly protected spermatozoa from oxidative
damage and significantly decreased the effects of X-XO,
indicators of oxidative stress remained in spermatozoa pre-
incubated with the antioxidant enzymes. Moreover, a delay
in the activation of sperm motility was observed in sperm
samples exposed to the highest X-XO concentrations in-
dependent of the presence or absence of these
antioxidants.

There are several means by which oxidative stress may
affect spermatozoa motility and velocity. High membrane
concentrations of phospholipids, sterols, and saturated and
polyunsaturated fatty acids increase spermatozoa suscep-
tibility to damage induced by excessive ROS production
(Sanocka and Kurpisz, 2004). Lipid peroxidation in biologi-
cal membranes is associated with impairing membrane
function, decreasing fluidity, inactivatingmembrane-bound
receptors and enzymes, and increasing non-specific per-
meability to ions (Wong-Ekkabut et al., 2007). Increased
membrane permeability in particular can disrupt ion gra-
dients, altering the membrane potential necessary for
spermmotility activation (Boitano andOmoto, 1991). Prod-
ucts of lipid peroxidation are also biologically active and can
cause severe cell dysfunction at the DNA level (Sanocka

Figure 5. Two-dimensional gel electrophoresis maps of carp sper-
matozoa proteins. The separated proteins were stained with Coomas-
sie Brilliant Blue R-250. Labeled spots correspond to proteins
phosphorylated and dephosphorylated under oxidative stress.

TABLE 1. Protein Identification by MALDI-TOF-MS/MS

Spot
Protein name
(organisms) Accession no.

Calculated

MASCOT
score

Sequence
coverage

(%)
Number of peptides
(ion score�30)

Mass
(kDa) pI

S3 O-linked N-acetylglucosamine
transferase isoform 4

[Danio rerio]

gi|66347879|ref|
NP_001018117.1|

116,599 6.14 114 13 2

S4 Septin-8-A [Danio rerio] gi|223635831|sp|Q642H3.2| 49,253 5.90 231 42 2
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andKurpisz, 2004). Inmammalian spermatozoa, increased
ROS production is additionally associated with decreased
mitochondrial membrane potential and ATP content
(Chance et al., 1979; Wang et al., 2003). All these events
can delay the activation of motility as well as decrease the
velocity and the percentage of motile spermatozoa.

Activation of sperm motility is a complex process involv-
ing a cascade of intracellular reactions mediated by pro-
teins (Inaba, 2003). As proteins are also vulnerable to
oxidative damage, one might expect that intracellular sig-
nalling pathways and spermatozoa movement would also
be adversely affected (DuTeaux et al., 2004). In the present
work, even low doses of free radicals (0.3mMX-0.025U/ml
XO) were observed to alter the phosphorylation state of O-
linked N-acetylglucosamine transferase and septin-8-A,
suggesting that these proteins are especially sensitive to
ROS since they were modified by all tested concentrations
of X-XO both in the presence and absence of antioxidant
enzymes.

The O-linked N-acetylglucosamine transferases
(OGTs) are eukaryotic enzymes that add a single O-linked
b-N-acetylglucosamine (O-GlcNAc) moiety to target pro-
teins. O-GlcNAc exhibits a complex relationship with phos-
phatemodifications,where they can competitively occupya
single or proximal site, or non-competitively occupy differ-
ent sites on a substrate (Zeidan and Hart, 2010). Phos-
phorylation regulates O-GlcNAc-cycling enzymes and,
conversely, O-GlcNAcylation controls phosphate-cycling
enzymes. Studies using insulin-treated adipocytes have
shown that tyrosine phosphorylation is one of the mecha-
nisms controlling the catalytic activity of OGTs (Whelan
et al., 2008). O-GlcNAc is also involved in the acrosome
reaction in mammalian spermatozoa as well as in cell-cell

interaction during gamete fusion (WuandSampson, 2014).
Furthermore, multiple cell lines have been reported to
increase levels of O-GlcNAc and of OGT activity in re-
sponse toosmotic, ethanolic, andoxidative stress (Zachara
et al., 2004). Together, these activities are consistent with a
function for OGT in fish spermatozoa and lead to the
hypothesis that a rapid, ROS-dependent increase of
OGT tyrosine phosphorylation may mediate O-GlcNAcy-
lation of sperm proteins and stress-induced signal trans-
duction pathways.

Septin-8-A is a member of the highly conserved septin
family of GTP-binding proteins that co-localize with cellular
membranes and the microtubule cytoskeleton (Spiliotis,
2010). The biological functions of septins are associated
with their ability to assemble into filamentousstructures that
compartmentalize cell membranes (diffusion barriers) and
form scaffolds for protein-protein interactions (e.g., be-
tween protein kinases and their substrates) (Spiliotis and
Nelson, 2006). In mammalian spermatozoa, septin sub-
units are consistently found in the annulus, an electron-
dense ring-shape structure between the midpiece and
principle piece of the flagellum. Phosphorylation controls
septin-ring dynamics by stabilizing interactions between
septin complexes; dephosphorylation corresponds to a
fluid state of the septin complex, when subunits move
rapidly inside the ring, possibly via the cytoplasm (Dobbe-
laere et al., 2003). We therefore speculate that oxidative
stress cause transitions of septin filaments from an immo-
bile, ‘‘frozen’’ state to a dynamic, fluid state��a process that
alters its barrier and scaffold functions. The mechanism by
which changes in septin phosphorylation affect flagellar
motility is still unclear, however. A normal septin cortex is
required for proper organization of the core axonemal

Figure 6. Acid phosphatase activity in common carp spermatozoa incubated with different concen-
trations of X-XO, antioxidant enzymes (SOD or catalase [Cat]), or sodium orthovanadate (NaV) for 1 hr.
Data representmean values� standard deviation.Different letters indicate statistical significance among
samples (ANOVA, P<0.05).
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structure; in spermatozoa with a defective cortex, the
dyneinmotor cannot fully utilize ATP because the defective
intraflagellar transport affects its activation (Ihara et al.,
2005). Thus, if the subcellular organization of sperm is
shared betweenmammals and fish, the septin-8-A dephos-
phorylation observed in carp spermatozoa could be directly
responsible for the delayed activation of motility.

Tyrosine kinases and phosphatases, the two types of
enzymes involved in the regulation of tyrosine phosphory-
lation, are susceptible to redox regulation (de Lamirande
et al., 1997). In maturing rat sperm, for example, physio-
logical concentrations of superoxide radicals indirectly
stimulate tyrosine kinase by raising the cAMP concentra-
tion, whereas hydrogen peroxide directly stimulates tyro-
sine kinase and inhibits tyrosine phosphatase (Lewis and
Aitken, 2001). Phosphatase activity is critically dependent
upon the reduced status of the thiol group on a highly
conserved cysteine residue (Cys215 in protein tyrosine
phosphatase 1B), which can be directly oxidized by hydro-
gen peroxide (Hecht and Zick, 1992; Aitken, 1997). Phos-
phatase activity in carp spermatozoa decreases in the
presence of heavy metals such as zinc, copper, mercury,
and cadmium (Sarosiek et al., 2009), presumably also
acting through a ROS-dependent pathway. Notably in
our study, phosphatase activity was significantly reduced
in samples pre-incubated with SOD but not catalase, which
scavenges hydrogen peroxide. Reduction of acid phospha-
tase activity in the presence of sodium orthovanadate
supports the correlation between this parameter and tyro-
sine phosphatase activity.

We conclude that spermatozoa of the common carp are
highly sensitive to free radicals. Exposure to even low
concentrations of X-XO for 15min led to significant de-
creases in spermatozoa motility and DNA integrity, which
are indicators of oxidative stress. Intracellular signalling
pathways were altered during oxidative stress through
changes in tyrosine phosphorylation and phosphatase ac-
tivity.While additional studies are needed to investigate the
role of ROS in carp spermatozoa, it is clear that in compari-
son to mammalian spermatozoa, these gametes could
represent an alterantive model to study the role of ROS
in male fertility and reproduction.

MATERIALS AND METHODS

Broodstock Handling and Sperm Collection
All experiments were performed according to the prin-

ciples of the Ethical Committee for the Protection of Ani-
mals in Research of the University of South Bohemia,
Research Institute of Fish Culture and Hydrobiology at
Vodnany in the Czech Republic. Sperm was obtained
from the adult common carp (n¼ 6; body weight, 3�4 kg)
reared in the aquaculture facility of theResearch Institute of
Fish Culture and Hydrobiology at the University of South
Bohemia. Fish were held in 4m3 tanks at a water tempera-
ture of 22 8C and dissolved oxygen levels of 6�7mg/L.
Spermiation was stimulated by intramuscular injection of
carp pituitary powder dissolved in 0.9% (w/v) NaCl solution

at 2mg kg�1 body weight, 24 hr prior to stripping. Sperm
samples were obtained by abdominal massage, and col-
lected directly into 10-ml plastic syringes.Carewas taken to
avoid contamination with mucus, feces, or water. Samples
were stored on ice (0�4 8C) in closed assay tubes prior to
analysis. Spermatozoa concentration of each of the six
males was estimated microscopically (Olympus BX 41) at
20� using a Burker cell hemocytometer. Average sperm
concentration was 55.1� 2.2� 109/ml.

Sample Preparation
Separate sperm samples from each of six experimen-

tal males were centrifuged at 300g for 30min at 4 8C to
remove seminal plasma. The resulting pellets were dilut-
ed in an immobilizing medium (IM) (200mM KCl, 30mM
Tris-HCl [pH 8.0]) (Perchec et al., 1995) to a final con-
centration of 5� 108 cells/ml. ROS were generated using
the X-XO system. The sperm aliquots were incubated at
48C for 15 and 60min with the following treatments: (i)
control, IM only; (ii) spermatozoa plus 1mM X-0.1 U/ml
XO in IM; (iii) spermatozoa plus 0.6mM X-0.05U/ml XO in
IM; or (iv) spermatozoa plus 0.3mM X-0.025U/ml XO in
IM. To test the effect of superoxide anions and hydrogen
peroxide, samples were pre-incubated for 5min with
either 200U/ml catalase or superoxide dismutase, then
subsequently exposed to 1mM X-0.1U/ml XO in IM. The
incubation period for each sample was 15 and 60min
at 48C.

Spermatozoa Motility and Velocity Analysis
Spermatozoa velocity (mm/sec) and percentage of mo-

tile spermatozoa were determined after triggering sperm
motility under dark-field microscopy (Olympus BX 50,
Japan). For triggering motility, sperm was diluted in activa-
tion medium (AM) (5mMKCl, 45mMNaCl, 30mMTris [pH
8.2]) at a final dilution of 1:5000. To prevent spermatozoa
from sticking to the microscope slide, 0.25% (w/v) pluronic
acid (Sigma�Aldrich, Saint Louis, USA) was included in
AM. Spermatozoa motility was recorded with a CCD video
camera (SONY SSCDC50AP, Japan) mounted on a mi-
croscope, using 20� magnification objective lens and illu-
mination by stroboscopic flash (ExposureScopeTM). The
positions of the heads of spermatozoaweremeasured from
five successive frames and analyzed with a micro-image
analyzer (Olympus Micro Image 4.0.1. for Windows). Ve-
locity and motility were assessed at 10, 30, 50, and 70 sec
post-activation, as described by Rodina et al. (2007). Mea-
surement of spermatozoa motility for each sample was
performed in triplicate.

Comet Assay
DNA integrity was assessed using single-cell gel elec-

trophoresis (comet assay), following the method described
by Li et al. (2008). Unless otherwise stated, molecular
biology-grade DNAse-free reagents (Sigma� Aldrich)
were used throughout.
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Microscope slides (OxiSelectST; Cell Biolabs, Inc.) were
prepared in the following manner: A 100ml sperm sample
was diluted in 5ml of Ca2þ- andMg2þ-free phosphate buffer
saline (PBS) to obtain a spermatozoa density of 1� 107

cells/ml. Diluted samples (200ml) were mixed with 700ml
0.8% NuSieve GTG low-melting-point agarose (OxiSe-
lectST; Cell Biolabs, Inc.). Finally, 55ml of this mixture
was added to the slide, and the agarose was allowed to
solidify for1 hrat48C.Theslideswere then immersed in lysis
buffer (2.5M NaCl, 100mM EDTA, 10% Lysis Solution
[OxiSelectTMCometAssayKit], 10%DMSO [pH10]) at 48C.

Slides were subjected to enzyme treatment with protein-
ase K (1mg/ml in 2.5M NaCl, 100mM EDTA, 10% DMSO
[pH 7.4]) and incubated for 12 hr at 328C. After the protein-
ase K solution was drained, slides were immersed in a
horizontal gel tank filled with freshly mixed electrophoresis
buffer (90mM Tris, 90mM Boric acid, 2.5mM EDTA).
Electrophoresis was carried out for 20min at 35V and
170mA. Slides were carefully transferred from the electro-
phoresis chamber to a clean container with pre-chilled
distilled water for 2min; this washing procedure was re-
peated three times. Slides were drained well, dehydrated
by dipping into absolute ethanol for 5min, and air dried for
storage. Prior to analysis, 50ml of Vista Green DNA Stain-
ing Solution (OxiSelectST; Cell Biolabs, Inc., USA) was
added to each agarose spot on the slide and examined
using an Olympus BX50 fluorescence microscope at 20�
magnification. One hundred spermatozoa were scored for
each sample, and the captured images were analyzed
using CASP software (Comet Assay Software Project
Lab: http://casplab.com/). The percentage of DNA in tail
was calculated using the following formula:

% Tail DNA¼ 100�Tail DNA Intensity/Cell DNA
Intensity

Protein Extraction
Proteins were extracted from spermatozoa with lysis

buffer (8M Urea, 2M Thiourea, 4% CHAPS, 10% w/v
isopropanol, 0.1%w/vTritonX-100, 100mMdithiothreithol)
containing phosphatase inhibitors (1mM sodium orthova-
nadate, 50mM EDTA, 1mM okadaic acid) and protease
inhibitors (100mM PMSF, 1mg/ml pepstain A, 5mg/ml
leupeptin). The bicinchoninic acid assay was used to de-
termine the protein concentration in samples.

One-Dimensional SDS-PAGE Separation
For SDS-PAGE, samples (25mg of proteins per lane)

were resuspended in buffer containing 65mMTris, 10% (v/
v) glycerol, 2% (w/v) SDS, and 5% (v/v) beta-mercaptoe-
thanol, and then heated for 3min at 95 8C. Proteins were
separated on a 12% gel using the Bio-RadMini-PROTEAN
vertical electrophoresis system.

Two-Dimensional PAGE Separation
Isoelectric focusing was performed on ReadyStrip IPG

strips (pH 5�8, 11 cm) with PROTEAN IEF (Bio-Rad). A

total of 150mg of protein in 200ml of rehydrating buffer
(8M urea, 2M thiourea, 4% CHAPS, 50mM dithiothreitol,
0.4% IPG buffer) was applied to each IPG strip. The
following conditions were used for separation: active
rehydration at 50V for 14 hr; isoelectric focusing, 500V
for 1 hr, 1000V for 1 hr, 3,000V for 1 hr (gradient), and
8,000V for 2 hr (gradient). After isoelectric focusing, IPG
strips were equilibrated with a buffer containing 6M urea,
29.3% glycerol, 2% SDS, 75mM Tris�HCl [pH 8.8], and
2% dithiothreitol for 15min, followed by a second equili-
bration with a solution containing 2.5% iodacetamide
instead of dithiothreitol for a further 15min. The strip
was fixed to a 12% SDS gel with 0.5% agarose in running
buffer for SDS-PAGE, and then separated on the specific
gel. Protein spots were visualized by staining with Coo-
massie Brilliant Blue R-250.

Western-Blot Analysis
After electrophoresis, gelswere placedonpolyvinylidene

difluoride (PVDF) membranes (Biorad, Prague, Czech
Republic) and electrically transferred. The membranes
were blocked by incubation with 5% (w/v) non-fat milk in
TBST (0.1%Tween-20, 20mMTris, 150mMNaCl [pH 7.6])
for 1 hr at 20 8C. The membranes were washed three times
with TBST, and then incubated for 12hr at 48C with anti-
phosphotyrosine antibodies (Millipore) diluted 1:500 in 5%
bovine serum albumin in TBST (BSA-TBST). Membranes
were then washed and incubated with horseradish peroxi-
dase-conjugated goat anti-rabbit IgG (1:3,000 in 3% BSA-
TBST) for 1 hr at 208C. Reacted proteins were revealed
with 3,30,5,50 tetramethylbenzidine (TMB) liquid substrate
(Sigma�Aldrich). Total protein loading was controlled after
immunodetection by staining the blot with 0.1% Coomassie
Brilliant Blue R-250 in isopropanol. Membranes were
destained for 15min in acetic acid/ethanol/water (1:5:4),
washed with water, and finally air-dried.

In-Gel Digestion and Mass Spectrometry
Gels were washed in water, and protein spots were cut

from gels. The gel pieces were de-stained by incubation
with 50% acetonitrile in 50mM (NH4)HCO3 for 15min. The
gel pieces were treated with 5ml of 50mM (NH4)HCO3

containing 1mg of modified sequencing-grade trypsin
(Promega, Madison, WI), and incubated for 12 hr at
378C. After digestion, the gel pieces were immersed in
100ml of 0.1% trifluoroacetic acid (TFA) in water for further
peptide extraction. The peptides were concentrated and
desalted using Zip-Tip pipette tips (Millipore). The Zip-Tip
was sequentially washed with 100% acetonitrile, 50%
acetonitrile-0.1% TFA, and 0.1% TFA in water. After equili-
bration of the Zip-Tip, sample was loaded and contami-
nants were eluted with 0.1% TFA. Peptides were eluted
with 2ml of 50% acetonitrile-0.1% TFA in water. A 5mg/ml
solution of a-cyano-4-hydroxycinnamic acid (a-CHCA) in
50% acetonitrile-0.1% TFA was used as a matrix. One
microliter of each sample was spotted on a steel MALDI
target plate, and then 1ml of freshly made a-CHCA matrix
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was added to the sample. This mixture was left to dry at
room temperature.

Peptides were analyzed by MALDI-TOF MS/MS using
an Autoflex Speed (Bruker Daltonics). Tandemmass spec-
tra were extracted using Xcalibur (Thermo Fisher, v 2.0),
and uploaded to a Mascot (Matrix Science, London, UK, v.
2.2) server to search against a NCBInr Cyprinidae data-
base (database containing 99,973 proteins was generated
on 2013.02.22) with a fragment ion mass tolerance of
0.8Da and parent ion mass tolerance of 2Da.

Acid Phosphatase Activity
Sperm samples for phosphatase extraction were cen-

trifuged to remove IM at 5,000g at 48C for 10min. The
supernatant was carefully collected and discarded. The
spermatozoa pellet was diluted with 20mM Tris buffer [pH
7.0] containing 1mM dithiothreitol, and then homogenized
in an ice bath using a Sonopuls HD 2070 ultrasonicator
(Bandelin Electronic, Berlin, Germany). Extracts were
centrifuged at 12,000g for 30min at 48C. Acid phospha-
tase activity was measured after 30min of incubation with
5mM p-nitrophenylphosphate (disodium salt) in 20mM
citrate buffer, [pH 5.0] at 378C; the reaction was terminat-
ed with 1N NaOH. The absorbance was read at 410 nm,
and enzymatic activity was expressed as U/L (mM of
substrate hydrolyzed per min). To assess the specificity
of this acid phosphatase activity assay for tyrosine phos-
phatase, spermatozoa were incubated for 5min with
sodium orthovanadate (Na3VO4), an inhibitor of tyrosine
phosphatase.

Data Analysis
All measurements were conducted in triplicate. Normal-

ity and the homogeneity of variance of all data were first
tested with the Kolmogorov test and the Bartlett test,
respectively. Data obtained from the comet assay were
log-transformed. Values are expressed as means� stan-
dard deviation (n¼ 6). Statistical comparison was made by
analysis of variance (ANOVA) followed byTukeysHSD test
for spermatozoa velocity and percentage of tail DNA.
Spermatozoamotility data and results of the acid phospha-
tase activity assaywere analyzedusing theKruskal�Wallis
test. All analyseswere performedat a significance cut-off of
0.05 using STATISTICA v. 9.0 software for Windows.
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SUMMARY

Spermatozoa of externally fertilizing freshwater fi sh possess diff erent modes of 
motility activation. Spermatozoa of common carp (Cyprinus carpio L.) are activated by 
hypoosmolality, whereas spermatozoa of sterlet (Acipenser ruthenus) require Ca2+ and 
low concentration of K+ for motility activation. Furthermore, intracellular signaling diff ers 
between these two species as well. Th e current study was performed in order to reveal 
molecular mechanisms of motility activation, roles of protein phosphorylation and protein 
kinases in spermatozoa of carp and sterlet. Our results indicate that protein kinases A and 
C (PKA and PKC) participate in spermatozoa motility of both species. Immunolabeling of 
phospho-(Ser/Th r) PKA substrates indicate that phosphorylated proteins are localized 
diff erently in spermatozoa of carp and sterlet. Strong phosphorylation of PKC substrate was 
observed in fl agella of sterlet spermatozoa, whereas in carp sperm PKC substrates were lightly 
phosphorylated in the midpiece and fl agella. Motility activation also induced phosphorylation 
/ dephosphorylation on serine, threonine and tyrosine residues of numerous proteins in carp 
and sterlet spermatozoa. Proteomic methods were used to identify phospho-proteins which 
participate in sperm motility. Numerous mitochondrial and glycolytic enzymes were identifi ed 
in spermatozoa of both species, as well as axonemal proteins and signaling enzymes involved 
in sperm motility. Th ese results contribute to an understanding of the role of signaling 
molecules, protein kinases and protein phosphorylation in motility activation and regulation 
of two valuable fi sh species, C. carpio and A. ruthenus. 

Keywords: Spermatozoa motility, phosphorylation, protein kinases, intracellular signaling

INTRODUCTION

Sperm motility represents a very important prerequisite leading to the contact and fusion 
between male and female gametes at fertilization. Th ere are diff erent triggers of sperm 
motility activation in externally fertilizing species, such as osmotic changes, diff erences in 
ion concentrations between seminal plasma and external media, sperm-activating peptides, 
and chemoattractants. In some freshwater fi sh species, such as carp (Cyprinus carpio), very 
low ambient water osmolality is directly involved in spermatozoa motility activation (Perchec 
et al., 1997), whereas in sturgeons activation can be achieved without osmolality alteration 
(as compared with seminal fl uid) through changes in ionic composition of the surrounding 
medium (Alavi and Cosson, 2006). Furthermore, mechanisms of intracellular signaling vary 
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signifi cantly among diff erent species. Even shape of spermatozoa diff ers between species. 
Th us carp spermatozoa possess a round-shape head without an acrosome. While in sturgeons 
the sperm head is elongated and displays an acrosome at the anterior part (Psenicka et al., 
2007). Th e one common feature for all fi sh spermatozoa is their transcriptional inactivation, 
which means there is no protein synthesis in spermatozoa after maturation. Th us one of 
the most important processes in sperm intracellular signaling is protein post-translational 
modifi cation. Protein phosphorylation is a type of post-translational modifi cation that has 
been extensively studied in spermatozoa (O’Flaherty et al., 2006). 

Th e phosphorylation of proteins on serine/threonine (Ser/Th r) and tyrosine (Tyr) residues 
is controlled by the activity of protein kinases, and the dephosphorylation of these residues 
by protein phosphatases. Th us, the balance of the opposing activities of these enzymes 
determines the majority of intracellular signaling pathways (Aitken et al., 1995; Ray et al., 
2012).

Processes regulated by protein phosphorylation include motility activation, capacitation, 
and the acrosome reaction in mammals, all of which are required for spermatozoa to reach 
and fuse with the oocyte (O’Flaherty et al., 2006). Th e number of structures in spermatozoa 
axoneme is known to be regulated by phosphorylation / dephosphorylation. Most of those 
proteins in fi sh are still to be characterized, but some phosphoproteins participating in sperm 
motility have been described (Inaba et al., 1998; Itoh et al., 2003). Th us it has been shown that 
dynein is one of the major targets of cAMP-dependent protein phosphorylation (Hamasaki 
et al., 1991). Dyneins are microtubule-dependent force-generating ATPases and play a key 
role in microtubule sliding (Visconti et al., 1995; Inaba, 2003). Additionally there is a strong 
correlation between Ca2+ signaling and protein phosphorylation in sperm fl agella. Axonemes 
contain several Ca2+ binding proteins with EF-hands, such as a light chain of outer arm dynein, 
a subunit of dynein docking complex, and calmodulin (CaM) in radial spoke (Inaba, 2007).

Energy metabolism is a key factor supporting sperm function. Oxidative phosphorylation 
(OXPHOS) is an active pathway of sperm energy production in many species (Storey, 2008). 
Moreover numerous phosphorylated proteins were identifi ed within the mitochondria and on 
signaling pathways that act on mitochondria (Hopper et al., 2006; Huttemann et al., 2007; 
Pagliarini and Dixon, 2006).

On the other hand, Nascimento et al. (2008) showed that for motile human spermatozoa, 
the glycolytic pathway is a primary source of energy. Unlike OXPHOS that takes place only in 
the midpiece, glycolytic enzymes are localized all along the fl agellum allowing more effi  cient 
transport of ATP to dynein ATPases (Krisfalusi et al., 2006). Studies on mammalian spermatozoa 
indicate an activation of glycolytic process in response to increased cAMP levels, suggesting 
the interplay between sperm motility initiation and activation of glycolysis (Frenkerl et al., 
1973). In fi sh spermatozoa the role of the glycolytic pathway of energy production was 
described for Clarias gariepinus (Mansour et al., 2003). 

Th e phosphorylated state of proteins is controlled by various kinases, which regulate 
spermatozoa intracellular signaling. Th e contribution of the cAMP-dependent protein kinase 
A (PKA) as a regulator of spermatozoa motility was described for numerous species (Inaba, 
2003; Brokaw, 1987). PKA is anchored near the outer arm dynein, where it is regulated by 
proteasomes, and is involved in phosphorylation of axonemal proteins (Inaba et al., 1998). 
On the other hand PKA is also involved in signaling processes on the outer side of the 
mitochondria, and can translocate into the mitochondria to phosphorylate proteins directly 
(Huttemann et al., 2007). 

Th e cAMP-independent phosphorylation of axonemal proteins during spermatozoa motility 
initiation has been reported as well (Hayashi et al., 1987; Morita et al., 2003). It has been 
shown that in carp spermatozoa motility activation is induced by hypoosmolality and this 
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process is cAMP independent (Krasznai et al., 2000). Spermatozoa of taxonomically distant 
sturgeons however require cAMP and Ca2+ ions for motility activation, thus representing a 
totally diff erent mode of sperm motility activation (Alavi et al., 2011; Linhart et al., 2002). 

Th us it is known that extracellular factors controlling sperm motility act on the fl agellar 
motile apparatus, the axoneme, through signal transduction, where cAMP and Ca2+ serve 
as second messengers. Second messengers determine the sperm motility initiation by 
modifi cation of dynein-mediated sliding of the axonemal outer-doublet microtubules through 
protein phosphorylation/dephosphorylation in diff erent mammalian species (Lindemann and 
Kanous, 1989), rainbow trout, chum salmon, sea urchin (Inaba et al., 1999), and tunicate 
(Nomura et al., 2000). However, there is a lack of knowledge about the role of protein 
phosphorylation in spermatozoa of commercially important, aquaculture fi sh species such 
as sterlet (Acipenser ruthenus) and common carp (Cyprinus carpio L.). Th erefore the 
present study was undertaken in order to provide essential knowledge about the molecular 
mechanisms of motility activation, roles of protein phosphorylation and protein kinases 
in spermatozoa of these two taxonomically distant fi sh species. Specifi cally, we wish to 
determine how the protein phosphorylation pattern changed after motility activation in carp 
and sterlet spermatozoa, where phosphorylated proteins are located in the spermatozoon 
and to identify proteins involved in sperm motility.

MATERIALS AND METHODS

Chemicals
Inhibitors of protein kinases: staurosporine, H-89, chelerythrine, Gö6983 and tyrphostin 23 

were purchased from the Sigma-Aldrich Co. (St Louis, LO, USA). ReadyStrip IPG strips, protein 
marker and polyvinylidene difl uoride (PVDF) membranes were from Bio-Rad laboratories (San 
Francisco, CA, USA). Anti-phosphotyrosine, anti-phosphoserine and anti-phosphothreonine 
polyclonal antibodies produced in rabbit were from Abcam (Cambridge, UK). Phospho-(Ser/
Th r) PKA substrate, phospho-(Ser) PKC substrate polyclonal antibodies produced in rabbit and 
HRP-conjugated goat anti-rabbit IgG were purchased from Cell Signaling Technology (Biotech 
A.S., Prague, Czech Republic).

Broodstock handling and sperm collection
All experiments were performed according to the principles of the Ethical Committee for 

the Protection of Animals in Research of the University of South Bohemia, Research Institute 
of Fish Culture and Hydrobiology, Vodnany, Czech Republic. Sperm was obtained from adult 
common carp (n = 6; body weight, 2–3 kg) and sterlet (n = 6; body weight, 0.5–2 kg) reared 
in the aquaculture facility of the Research Institute of Fish Culture and Hydrobiology at the 
University of South Bohemia, Vodnany, Czech Republic. Until experimentation, fi sh were held 
in tanks at water temperature of 22 °C for carp and 14–15 °C for sterlet. Spermiation was 
stimulated by intramuscular injection of carp pituitary powder dissolved in 0.9% (w/v) NaCl 
solution at 2 mg kg-1 body weight for carp and 5 mg kg-1 of body weight for sterlet, 24 hr prior 
to stripping. Sperm samples from carp were obtained by abdominal massage and collected 
directly into 10 ml plastic syringes. Sterlet semen was collected from the urogenital papilla by 
aspiration through a plastic catheter (5–7 mm diameter) connected to a 20 ml syringe. Care 
was taken to avoid contamination with mucus, faeces, or water. Samples were stored on ice 
(0–4 °C) in closed assay tubes prior to analysis. Spermatozoa concentration of each male 
was estimated microscopically (Olympus BX 41) at 20× using a Burker cell hemocytometer. 
Average sperm concentration was 55.1 ± 2.2 × 109/ml for carp and 1.26 ± 0.7 × 109/ml for 
sterlet.
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Sample Preparation
Separate sperm samples from each experimental male were centrifuged at 300g for 30 min 

at 4 °C to remove seminal plasma. Th e resulting pellets were diluted in an immobilizing medium 
(IM). IM for carp was prepared according to (Perchec et al., 1995) and contained 200 mM KCl, 
30 mM Tris-HCl, pH 8.0; IM for sterlet contained 20 mM Tris, 30 mM NaCl, 2 mM KCl, pH 8.5. 
Sperm was diluted to a fi nal concentration of 5 × 108 cells/ml. Protein kinase inhibitors were 
fi rst dissolved in dimethyl sulfoxide at 100 mM and then dissolved to desired concentrations 
with IM, so that the fi nal concentration of DMSO in incubation medium was 0.1%. Th e sperm 
sub-samples were incubated at 4 °C for 3 min with following inhibitors: staurosporine (broad 
spectrum inhibitor of protein kinases), H-89 (PKA inhibitor), chelerythrine and Gö6983 
(inhibitors of PKC) and tyrphostin 23 (PKT inhibitor). After incubation spermatozoa motility 
was recorded and analysed.

Samples for western blotting and protein analysis were prepared as follows: sperm pellets 
were diluted either with IM or with activation medium (AM) containing 5 mM KCl, 45 mM 
NaCl, 30 mM Tris, pH 8.2 for carp sperm; and 10 mM Tris, 10 mM NaCl, 1 mM CaCl

2
, pH 8.5 for 

sterlet at a dilution ratio of 1:50. Sperm samples were frozen in liquid nitrogen at diff erent 
time points after motility activation (0, 10, 30, 60 s for carp; 0, 30, 60, 120 s for sterlet) and 
stored at -80 °C.

Spermatozoa motility and velocity analysis
Th e percentage of motile spermatozoa was determined after triggering sperm motility under 

dark-fi eld microscopy (Olympus BX 50, Japan). For triggering motility, sperm was diluted in 
AM at a dilution of 1:5000. To prevent spermatozoa from sticking to the microscope slide, 
0.25% (w/v) pluronic acid was included in AM. Spermatozoa motility was recorded with a CCD 
video camera (SONY SSCDC50AP, Japan) mounted on a microscope, using 20× magnifi cation 
objective lens and illumination by a stroboscopic fl ash (ExposureScopeTM). Th e positions of 
the heads of spermatozoa were measured from fi ve successive frames and analysed with 
a micro-image analyser (Olympus Micro Image 4.0.1. for Windows). Motility was assessed 
at 15 s post-activation as described by Rodina et al. (2007). Measurement of spermatozoa 
motility for each sample was performed in triplicate.

Protein extraction
Proteins were extracted from spermatozoa with lysis buff er (8M Urea, 2M Th iourea, 4% 

CHAPS, 10% w/v isopropanol, 0.1% w/v Triton X-100, 100 mM dithiothreithol) containing 
phosphatase inhibitors (1mM sodium orthovanadate, 50mM EDTA, 1mM okadaic acid) and 
protease inhibitors (100mM PMSF, 1mg/ml pepstain A, 5 mg/ml leupeptin). Th e bicinchoninic 
acid assay was used to determine the protein concentration in samples.

One-Dimensional SDS-PAGE Separation
For SDS-PAGE, samples (25 μg of proteins per lane) were resuspended in buff er containing 

65 mM Tris, 10% (v/v) glycerol, 2% (w/v) SDS, and 5% (v/v) beta-mercaptoethanol, and then 
heated for 3 min at 95  °C. Proteins were separated on a 12% gel using the Bio-Rad Mini-
PROTEAN vertical electrophoresis system.

Two-Dimensional IEF + PAGE Separation
For two-dimensional (2D) gel separation proteins extracted from immotile sterlet and 

carp spermatozoa were used as well as proteins from spermatozoa at 30 s post-activation 
for carp sperm and 120 s for sterlet. Isoelectric focusing was performed on ReadyStrip IPG 
strips (pH 3–10, 7 and 11 cm) with PROTEAN IEF (Bio-Rad). A total of 150 μg of protein in 
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200 μl of rehydrating buff er (8M Urea, 2M Th iourea, 4% CHAPS, 50mM dithiothreitol, 0.4% 
IPG buff er) was applied to each IPG strip. Th e following conditions were used for separation: 
active rehydration at 50 V for 14 hr; isoelectric focusing, 500 V for 1 hr, 1,000 V for 1 hr, 3,000 
V for 1 hr (gradient), and 8,000 V for 2 hr (gradient). After isoelectric focusing, IPG strips 
were equilibrated with a buff er containing 6M Urea, 29.3% glycerol, 2% SDS, 75 mM Tris–HCl 
[pH 8.8], and 2% dithiothreitol for 15min, followed by a second equilibration with a solution 
containing 2.5% iodacetamide instead of dithiothreitol for a further 15min. Th e strip was 
fi xed toloaded on a 12% SDS gel with 0.5% agarose in running buff er for SDS-PAGE, and then 
the proteins separated according to molecular weight on by electrophoresisthe specifi c gel. 
Protein spots were visualized by staining with Coomassie Brilliant Blue R-250.

Western-Blot Analysis
After electrophoresis, gels were placed on polyvinylidene difl uoride (PVDF) membranes and 

electrically transferred. Th e membranes were blocked by incubation with 5% (w/v) non-fat milk 
in TBST (0.1% Tween-20, 20 mM Tris, 150 mM NaCl [pH 7.6]) for 1 hr at 20 °C. Th e membranes 
were washed three times with TBST, and then incubated for 12 hr at 4  °C with polyclonal 
antibodies to phospho-tyrosine, phospho-serine and phospho-threonine or to phospho-(Ser/
Th r) PKA and phospho-(Ser) PKC substrates diluted 1:1000 in 5% bovine serum albumin in 
TBST (BSA-TBST). Membranes were then washed and incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:3000 in 3% BSA-TBST) for 1 hr at 20 °C. Reacted proteins 
were detected either with 3,3’,5,5’ tetramethylbenzidine (TMB) liquid substrate or with ECL-
plus. Total protein loading was controlled after immunodetection by staining the blot with 
0.1% Coomassie Brilliant Blue R-250 in isopropanol. Membranes were destained for 15min in 
acetic acid/ethanol/water (1:5:4), washed with water, and fi nally air-dried.

Immunolabeling
Sperm motility was activated by dilution with activation medium at a dilution ratio of 1:500. 

Spermatozoa were attached on slides pre-coated with 0.01% poly-L-lysine. After incubation 
for 5 min at 20 °C, the sperm were fi xed with 4% formaldehyde in IM for 30 min and stored in a 
moist chamber. Spermatozoa were rehydrated and permeabilized using TBST. Th e slides were 
incubated with blocking buff er (3% BSA-TBST) for 1 h at 20 °C and then with primary antibody 
to phospho-tyrosine, phospho-serine and phospho-threonine or to phospho-(Ser/Th r) PKA 
and phospho-(Ser) PKC substrates (1:100) in the blocking buff er for 14 h at 4 °C, followed 
by washing with TBST (5 min) at 20 °C. Samples were then incubated with Rhodamine Red-X-
conjugated goat anti-rabbit IgG at 1:200 dilution ratio for 2 h at 20 °C. As a fi nal step, samples 
were washed with TBST (5 min) at 20 °C, treated with TBST containing 1 μM 4,6-diamidino-
phenylindole (DAPI) and mounted in 50% glycerol. Slides were examined by fl uorescent 
microscopy (Olympus BX50) at 60 × magnifi cation.

In-Gel Digestion and Mass Spectrometry
Gels were washed in water, and protein spots were cut from gels. Th e gel pieces were de-

stained by incubation with 50% acetonitrile in 50 mM (NH
4
)HCO

3
 for 15 min. Th e gel pieces 

were treated with 5 ml of 50 mM (NH
4
)HCO

3
 containing 1 μg of modifi ed sequencing-grade 

trypsin, and incubated for 12 hr at 37 °C. After digestion, the gel pieces were immersed in 
100 μl of 0.1% trifl uoroacetic acid (TFA) in water for further peptide extraction. Th e peptides 
were concentrated and desalted using Zip-Tip pipette tips (Millipore, Billerica, MA, USA). Th e 
Zip-Tip was sequentially washed with 100% acetonitrile, 50% acetonitrile-0.1% TFA, and 0.1% 
TFA in water. After equilibration of the Zip-Tip, sample was loaded and contaminants were 
eluted with 0.1% TFA. Peptides were eluted with 2 μl of 50% acetonitrile-0.1% TFA in water. 
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A 5 mg/ml solution of α-cyano-4-hydroxycinnamic acid (α-CHCA) in 50% acetonitrile-0.1% TFA 
was used as a matrix. One microliter of each sample was spotted on a steel MALDI target 
plate, and then 1 μl of freshly made α-CHCA matrix was added to the sample. Th is mixture 
was left to dry at room temperature. Peptides were analysed by MALDI-TOF MS/MS using 
an Autofl ex Speed (Bruker Daltonics). Tandem mass spectra were extracted using Xcalibur 
(Th ermo Fisher, v 2.0), and uploaded to a Mascot (Matrix Science, London, UK, v. 2.2) server 
to search against a NCBInr database with a fragment ion mass tolerance of 0.8 Da and parent 
ion mass tolerance of 500 ppm.

RESULTS

Eff ect of kinase inhibitors on motility of carp and sterlet sperm
Th e eff ect of kinase inhibitors on percent motile spermatozoa was assessed at 15 s post-

activation (Table 1). In the presence of broad spectrum kinase inhibitor, staurosporine, motility 
rate of spermatozoa of both species decreased in a dose-dependent manner compared to the 
control. However, susceptibility of sterlet spermatozoa to staurosporine was higher, compared 
to carp spermatozoa (at 100 μM: 7.89% motile spermatozoa in sterlet; 66.6% – in carp). 

Th e inhibitor of tyrosine kinase, tyrphostin 23, and the inhibitor of PKC, Gö6983, had no 
signifi cant eff ect on spermatozoa motility in both species at all tested concentrations. On the 
other hand, treatment with an inhibitor of PKC translocation, chelerythrine, inhibited motility 
of both species at 100 μM, and signifi cantly decreased motility of carp spermatozoa at 10 μM. 
Motility of carp spermatozoa was aff ected by the inhibitor of PKA (H-89) at 50 μM; however, 
motility of sterlet spermatozoa decreased signifi cantly only at 500 μM. 
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Table 1. Th e eff ect of kinase inhibitors on spermatozoa of sterlet (Acipenser ruthenus) and carp 

(Cyprinus carpio L.). Data represent mean values ± SD. Diff erent letters indicate statistical signifi cance 

among samples (ANOVA, P < 0.05).

Inhibitor Function Tested 
concentrations

Sterlet
Motility (%)

Carp
Motility (%)

Control (IM, 
0.1% DMSO)

80,977 ± 6,31 A 80,366 ± 9,486 A

Staurosporine Broad spectrum 
inhibitor, ATP-site 
competitor

100 μM 7,894737± 1,165 D 66,565 ± 9,67 B

50 μM 67,845 ± 5,034 B 68,645 ± 4,074 AB

10 μM 72,58772 ± 8,37 AB 71,914 ± 9,575 AB

Tyrphostin 23 Receptor type PTK 100 μM 76,875 ± 0,29 AB 68,546 ± 9,703 AB

50 μM 78,149 ± 5,68 A 67,66 ± 5,54 AB

10 μM 80,5248 ± 4,67 A 74,695 ± 4,83 AB

Go 6983 Ca2+-dependent PKC 
α1 and β1

100 μM 75,278 ± 0,39 AB 68,528 ± 9,192 AB

50 μM 77,839 ± 7,94 A 69,1377 ± 6,4 AB

10 μM 79,1 ± 6,94 A 70,83 ± 5,89 AB

Chelerythrine PKC translocation 100 μM 26,875 ± 3,86 C 3,545 ± 1,089 F

50 μM 32,23 ± 10,325 C 7,987 ± 1,8 E

10 μM 67,903 ± 13,36 B 58,0199 ± 8,959 C

H-89 ATP-site competitor 
for PKA

500 μM 68,466 ± 4,59 B

200 μM 74,38 ± 9,029 AB 32,46 ± 3,8 D

100 μM 83,58 ± 0,53 A 58,169 ± 11,678 C

50 μM 59,145 ± 13,657 BC

10 μM 70,283 ± 4,074 AB

Change of protein phosphorylation pattern after sperm motility activation
Results of western blotting showed that the phosphorylation pattern on three amino acid 

residues (serine, threonine and tyrosine) changed after motility activation in both species 
(Fig. 1–3). Incubation with phosphoserine antibodies (Fig. 1) revealed 9 protein bands with 
molecular weight of 200, 80, 65, 60, 49, 45, 43, 30 and 15 kDa to be phosphorylated/
dephosphorylated after motility activation in spermatozoa of carp. In sterlet spermatozoa 10 
protein bands of 120, 90, 70, 60, 55, 52, 40, 30, 27 and 25 kDa changed their phosphorylation 
state.

Th e next western blot analysis with antibodies to phosphotyrosine residues revealed that 
6 protein bands of 80, 68, 59, 48, 39 and 25 kDa changed phosphorylation state in carp 
spermatozoa (Fig. 2). A total of 8 proteins of 125, 68, 60, 50, 48, 40, 25and 20 kDa were 
dephosphorylated in sterlet spermatozoa.
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Figure 1. Western blot analysis with anti-phosphoserine antibody of common carp (A) and sterlet 

(B) spermatozoa proteins separated using SDS-PAGE. Control indicates control group in immobilizing 

medium; 0–60 s in carp and 0–120 s in sterlet indicates diff erent time points after motility activation. Th e 

number on the left indicates molecular weight marker.

Figure 2. Western blot analysis with anti-phosphotyrosine antibody of common carp (A) and sterlet 

(B) spermatozoa proteins separated using SDS-PAGE. Control indicates control group in immobilizing 

medium; 0–60 s in carp and 0–120 s in sterlet indicates diff erent time points after motility activation. 

Molecular weight marker is on the left.

In spermatozoa of common carp 3 protein bands of 55, 45, and 27 kDa changed their 
phosphorylation state on threonine residue after motility activation (Fig. 3). In sterlet 
spermatozoa motility activation led to phosphorylation of 59, 52 and 45 kDa proteins. 
Moreover, phosphorylation on 45 and 27 kDa proteins in carp spermatozoa and 45 kDa band 
in sterlet appeared to undergo a cyclical transition. Th ese protein bands were phosphorylated 
up to 30 s after motility activation with subsequent dephosphorylation at the end of motility 
period.

Incubation with phospho-(Ser/Th r) PKA substrate antibodies (Fig. 4) revealed that 8 9 
protein bands of 150, 100, 79, 62, 50, 46, 40, 30 and 25 kDa changed their phosphorylation 
state after motility activation in spermatozoa of carp. In spermatozoa of sterlet 5 PKA 
substrates protein bands with molecular weight of 150, 120, 45, 42 and 27 kDa changed 
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phosphorylation state of PKA substrates. Similar to threonine phosphorylation, some PKA 
substrates in carp sperm (150, 50, 40, 30, 25 kDa) were modifi ed in cyclical manner, with 
increased phosphorylation at the beginning of motility period and dephosphorylation in the 
end of motility.

Th e antibody to phospho-(Ser) PKC substrates (Fig. 5) revealed that one band of 78 kDa 
was weakly phosphorylated in immotile carp spermatozoa and again after 30 s of motility 
period. In sterlet spermatozoa a protein band of 200 kDa was phosphorylated in immotile 
spermatozoa and during all the entire motility period.

Figure 3. Western blot analysis with anti-phosphothreonine antibody of common carp (A) and sterlet 

(B) spermatozoa proteins separated using SDS-PAGE. Control indicates control group in immobilizing 

medium; 0–60 s in carp and 0–120 s in sterlet indicates diff erent time points after motility activation. Th e 

number on the left indicates molecular weight marker.

Figure 4. Western blot analysis with phospho-(Ser/Th r) PKA substrate antibody of common carp 

(A) and sterlet (B) spermatozoa proteins separated using SDS-PAGE. Control indicates control group in 

immobilizing medium; 0–60 s in carp and 0–120 s in sterlet indicates diff erent time points after motility 

activation. Molecular weight marker is on the left.
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Figure 5. Western blot analysis with phospho-(Ser) PKC substrate antibody of common carp (A) 

and sterlet (B) spermatozoa proteins separated using SDS-PAGE. Control indicates control group in 

immobilizing medium; 0–60 s in carp and 0–120 s in sterlet indicates diff erent time points after motility 

activation. Molecular weight marker is on the left.

Subcellular localization of phospho-proteins in carp and sterlet spermatozoa
Localization of proteins with phosphorylated serine residue using immuolabeling and 

fl uorescent microscopy showed that in both species prominent phosphorylation was observed 
in sperm fl agella and head (Fig. 6). In carp spermatozoa motility activation led to enhanced 
serine phosphorylation at the head of spermatozoa.

Figure 6. Immunolocalization of the proteins phosphorylated on serine residue in sterlet and carp 

spermatozoa. Immotile and activated spermatozoa were fi xed on glass slides and treated with anti-

phosphoserine antibody, followed by treatment with Rhodamine-conjugated secondary antibodies. Bars 

represent 10 μm.

Immunolocalisation of phospho-tyrosine residue showed that in immotile sterlet 
spermatozoa tyrosine phosphorylation occured in a gradient manner from the head to the tip 
of the tail (Fig. 7). In carp spermatozoa however, tyrosine phosphorylation occured along the 
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fl agella after motility activation, and in immotile spermatozoa the majority of phosphorylated 
proteins were localized in the head of spermatozoon.

Figure 7. Immunolocalization of the proteins phosphorylated on tyrosine residue in sterlet and carp 

spermatozoa. Immotile and activated spermatozoa were fi xed on glass slides and treated with anti-

phosphotyrosine antibody, followed by treatment with Rhodamine-conjugated secondary antibodies. 

Bars represent 10 μm.

Incubation with anti-phosphothreonine antibodies revealed a weak phosphorylation of 
fl agella in sterlet spermatozoa (Fig. 8) that corresponds to results of western blotting (Fig. 
3). Most of phosphorylated proteins were localized in the head of immotile spermatozoa and 
in the midpiece of motile spermatozoa. Immotile carp spermatozoa were phosphorylated on 
threonine residue mostly in the head and midpiece of spermatozoon (Fig. 8). Phosphorylation 
on threonine residue translocated to the principal part of fl agella after motility activation.

Figure 8. Immunolocalization of the proteins phosphorylated on threonine residue in sterlet and carp 

spermatozoa. Immotile and activated spermatozoa were fi xed on glass slides and treated with anti-

phosphothreonine antibody, followed by treatment with Rhodamine-conjugated secondary antibodies. 

Bars represent 10 μm.
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Phospho-(Ser/Th r) PKA substrates were localized in fl agella and head of immotile sterlet 
spermatozoa (Fig. 9). After motility activation these phospho-proteins were observed on 
the sperm membrane.  In immotile carp spermatozoa PKA substrates were localized in the 
midpiece and appeared in fl agella only after motility activation.

Figure 9. Immunolocalization of the phospho-PKA substrates in spermatozoa of sterlet and carp. 

Immotile and activated spermatozoa were fi xed on glass slides and treated with anti- phospho-(Ser/Th r) 

PKA substrate antibody, followed by treatment with Rhodamine-conjugated secondary antibodies. Sperm 

DNA was stained with DAPI in carp spermatozoa. Arrows indicate PKA substrate phosphorylation in the 

midpiece of immotile carp spermatozoa. Bars represent 10 μm.

We observed phosphorylation of sterlet sperm fl agella and midpiece proteins with phospho-
(Ser) PKC substrate antibodies (Fig. 10). A similar phosphorylation pattern was observed with 
the same antibodies in carp spermatozoa, however, the intensity of phosphorylation was 
lower.

Figure 10. Immunolocalization of the phospho-PKC substrates in spermatozoa of sterlet and carp. 

Immotile and activated spermatozoa were fi xed on glass slides and treated with anti- phospho-(Ser) 

PKC substrate antibody, followed by treatment with Rhodamine-conjugated secondary antibodies. Bars 

represent 10 μm.
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Identifi cation of proteins whose phosphoryation state is modifi ed following motility 
activation

To identify proteins involved in spermatozoa motility, proteins extracted from control 
spermatozoa and spermatozoa after motility activation were separated with 2DE, blotted on 
PVDF membrane, and incubated with phosphoserine, phosphotyrosine, phosphothreonine, 
phospho-(Ser/Th r) PKA substrate and phospho-(Ser) PKC substrate antibodies (not shown). 
Fig. 11 represents total protein profi les of sterlet and carp spermatozoa in IM and after 
motility activation (at 30 s post-activation for carp sperm and 120 s for sterlet). Spots 1–5 
in sterlet spermatozoa and spots 1–4 in carp spermatozoa were identifi ed as phospho-(Ser/
Th r) PKA substrate, phosphorylated after motility activation. Spot 6 in sterlet spermatozoa 
was found to be a phospho-(Ser) PKC substrate, slightly dephosphorylated after motility 
activation. Spots 7–9, 11, 13, 18 in sterlet spermatozoa were dephosphorylated on tyrosine 
residue after motility activation, whereas spots 10, 12, 5 in sterlet sperm and spots 3, 12, 
14-16 in carp were phosphorylated on tyrosine during motility period. Incubation with anti-
phosphoserine antibodies revealed an increased phosphorylation of spots 7, 12, 14–17 
in sterlet spermatozoa and of spots 7-13 in carp after motility activation. Spot 5 in carp 
spermatozoa was dephosphorylated on serine residue after motility activation. Protein 
phosphorylation on threonine residue was weak in spermatozoa of both species. Only spot 2 
in carp sperm was identifi ed with anti-phosphothreonine antibodies. 

Proteins of interest were cut from 2D gels (Fig. 11) and analysed with MALDI-TOF MS/MS. 
We were able to identify 18 of 38 selected protein spots in sterlet spermatozoa and 16 of 30 
spots in carp. A detailed list of these sterlet and carp spermatozoa proteins involved in sperm 
motility is provided in Tables 2 and 3, respectively, together with their accession number, 
molecular mass, sequence coverage, number of unique peptides, and phosphorylated amino 
acid residue. Th e vast majority of identifi ed proteins (14/18 for sterlet and 8/16 for carp) 
are involved in energy production, via oxidative phosphorylation or the glycolytic pathway. 
Among the others were cytoskeletal components, heat shock proteins, and calcium regulating 
enzymes. We discuss below the specifi cities of each of these fi ndings and their potential 
meaning for fi sh sperm motility.

Figure 11. Two-dimensional gel electrophoresis maps of sterlet and carp spermatozoa proteins. 

Th e separated proteins were stained with Coomassie Brilliant Blue R-250. Labelled spots correspond to 

proteins phosphorylated / dephosphorylated after motility activation.
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DISCUSSION

After spawning into external aqueous environment fi sh spermatozoa exhibit dramatic 
changes, from initiation of motility to acrosome reaction in some species. Th ese changes are 
triggered by changes in the extracellular ionic environment and osmolality. Moreover, under 
natural conditions, a hypoosmotic environment, essential for spermatozoa activation of fresh 
water fi sh species, also induces osmotic and oxidative stress in sperm cells. After reception 
of extracellular signals by specifi c ion channels or receptors in the spermatozoa, intracellular 
signals are transferred to the axoneme through protein phosphorylation, Ca2+ signaling, 
and cAMP-dependent pathways (Inaba, 2003). However, for such evolutionarily distant fi sh 
species as common carp (Cyprinus carpio L.) and sturgeon (Acipenser ruthenus) not only 
does the trigger of motility activation diff er, but the intracellular signaling pathways vary as 
well. Th erefore the present study was undertaken in order to clarify which phospho-proteins 
and protein kinases are involved in sperm motility and intracellular signaling in these two 
important aquaculture species.

Protein kinases involved in sperm motility
Results of motility analyses in the presence of kinase inhibitors showed that PKA and PKC 

participate in motility activation in both species. Diff erences in susceptibility of sterlet and 
carp spermatozoa to the same concentrations of inhibitors could be due to diff erences in 
membrane permeability, as water transport across the membrane and volume changes during 
motility period vary greatly between these two species (Bondarenko et al., 2013). Also it 
should be mentioned that the specifi city of inhibitors is never perfect, and various isoforms of 
kinases exist (White et al., 2007). Th us diff erent types of kinase inhibitors may have stronger 
eff ects on spermatozoa motility of diff erent species. Even though in the present study an 
inhibitor of protein tyrosine kinase (tyrphostin 23) did not show any signifi cant eff ect on 
spermatozoa motility (Table 1), tyrosine phosphorylation of numerous sperm proteins was 
observed (Fig. 2), indicating that they are involved in sperm motility activation and regulation. 
Hence further studies with a series of PTK inhibitors are needed for further evaluation of the 
role of this kinase in fi sh spermatozoa motility.

Numerous studies have described the role of PKA in sperm motility of diff erent species 
(Inaba, 2003; Lasko et al., 2012; Visconti et al., 1995). Th e activity of PKA depends on the 
amount of cAMP, which is in turn regulated by adenylate cyclase and phosphodiesterase. Th e 
binding of cAMP to the regulatory subunit of PKA promotes the dissociation and activation 
of the catalytic subunits that catalyse phosphorylation on serine/threonine residues 
(Urner and Sakkas, 2003). In fi sh spermatozoa involvement of PKA in motility was shown 
only for salmonids (Itoh et al., 2003), though cAMP-dependent regulation pathways were 
also reported in spermatozoa of Sparus aurata (Zilli et al., 2008) and Polyodon spathula 
(Linhart et al., 2002). In the current study results of inhibitory analysis, western blotting and 
immunolabeling with phospho-(Ser/Th r) PKA substrate antibody demonstrated that PKA is 
involved in motility activation and/or regulation in spermatozoa of C. carpio and A. ruthenus. 
Th is result was expected for sterlet, since sturgeon spermatozoa motility activation is cAMP-
dependent (Linhart et al., 2002); however, carp spermatozoa motility activation was shown 
to be cAMP-independent (Cosson, Gagnon, 1988; Krasznai et al., 2000). Th erefore it can be 
assumed that in carp spermatozoa, PKA activity is not involved directly in motility activation, 
but may participate in sustaining motility and its regulation.

Localization of PKA substrates and results of protein identifi cation support this hypothesis 
(Fig. 9). Th us in both quiescent and motile sterlet spermatozoa PKA substrates were localized 
equally in the head and fl agella. In contrast, results of immunolabeling of carp spermatozoa 
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showed only weak phosphorylation of PKA substrates in the midpiece of immotile spermatozoa, 
which was followed by increased phosphorylation of the midpiece and fl agella after motility 
activation. It can be suggested that in quiescent carp spermatozoa, PKA is anchored in the 
midpiece and shows low activity in mitochondria; however after motility activation, activity 
of PKA increases in both mitochondria and cytosol. Th ese results correlate with the results 
of protein identifi cation by mass spectrometry, which showed that in carp spermatozoa PKA 
substrates phosphorylated after motility activation include mitochondrial protein isocitrate 
dehydrogenase [NADP] and cytoplasmic proteins creatine kinase and adenylate kinase (Table 
2). All these enzymes are involved in ATP metabolism and play important roles in cellular energy 
homeostasis. Similar results were obtained for spermatozoa of sterlet, where identifi ed PKA 
substrates involved in sperm motility were mitochondrial proteins: creatine kinase S-type and 
malate dehydrogenase; and cytoplasmic proteins: phosphoglycerate kinase, glyceraldehyde-
3-phosphate dehydrogenase, and phosphoglycerate mutase. Th e obtained results suggest 
that in fi sh spermatozoa PKA is involved not only in phosphorylation of axonemal proteins as 
shown before (Itoh et al., 2003), but also plays an important role in oxidative phosphorylation 
and glycolytic pathway. Hence it is possible to speculate that PKA activity is necessary for ATP 
generation and/or transport along the fl agella in order to sustain spermatozoa motility in carp 
and sterlet. 

Th e protein kinase C (PKC) was shown to transduce signals during initiation and maintenance 
of motility in intact sea urchin spermatozoa (White et al., 2007) and in glycerol-treated 
salmonid sperm (Takei et al., 2012). Conventional PKC isoforms have a requirement for Ca2+ 
for their activation (Newton, 1995). Th us activity of PKC is strongly associated with and 
controlled by Ca2+ signaling. In the current study it was shown that in both species, C. carpio 
and A. ruthenus, sperm motility was blocked in presence of PKC inhibitor (chelerythrine) 
and results of western blotting and immunolabeling indicated presence of phosphorylated 
PKC substrates in spermatozoa of both species. Th ough we were not able to identify PKC 
substrate in carp spermatozoa due to low signal from antibodies, the PKC substrate in sterlet 
spermatozoa was identifi ed as dynein intermediate chain 2. Th is result is in agreement with 
previous study on sea urchin spermatozoa which showed that the majority of the phospho-
PKC substrate proteins, and PKC itself, were associated with the fl agellum and axoneme 
(White et al., 2007). 

Previous studies reported the involvement of PKC in acrosome reaction and gamete 
fusion (reviewed by Breitbart and Naor, 1999); however, less is known about the function 
of PKC in sperm motility activation. In human spermatozoa PKC was shown to localize in 
the head and in patches along the fl agella, and to participate in sperm motility activation 
(Kalina et al., 1995). On the other hand studies on boar spermatozoa did not reveal any 
involvement of PKC in motility activation (Holt and Harrison, 2002), which is not surprising 
since boar spermatozoa do not require Ca2+ for motility activation (Tajima et al., 1987). In 
our studies the same concentrations of chelerythrine induced a more prominent eff ect on 
spermatozoa motility in sterlet than in carp, which correlates with results of western blotting 
and immunolabeling where signal provided by antibody to phospho-(Ser) PKC substrates in 
sterlet spermatozoa was stronger than in carp spermatozoa. Previous studies have shown 
that sturgeon spermatozoa motility activation is Ca2+-dependent and addition of extracellular 
Ca2+ is able to reverse K+ inhibitory eff ect (Alavi et al., 2011). In contrast, spermatozoa of 
another cyprinid fi sh (Puntius javanicus) were shown to be activated in the absence of Ca2+ 
and addition of external Ca2+ inhibited motility (Morita et al., 2006a). Overall these results 
may suggest that involvement of Ca2+-dependent PKC in spermatozoa motility is species-
specifi c and refl ects the ability of Ca2+ to stimulate motility.



- 90 -

Chapter 5

Phospho-proteins involved in sperm motility
We observed that many proteins changed their phosphorylation status after motility 

activation (Figs. 1–3). Unfortunately we were not able to identify all phospho-proteins 
in carp and sterlet spermatozoa due to the absence of protein databases and incomplete 
genome sequencing. Nevertheless we identifi ed 6 serine-phosphorylated proteins involved 
in sterlet spermatozoa motility: phosphoglucomutase-1-like, pyruvate kinase PKM-like, 
creatine kinase, L-lactate dehydrogenase A chain, triose phosphate isomerase, enolase B. 
All these enzymes participate in glycolytic pathway and regulate energy production. Results 
of immuno-fl uorescence labeling indicate that phospho-serine proteins are localized in the 
head and along the fl agellum of sterlet spermatozoon. Increased intensity of fl uorescence 
after motility activation correlate with results of western blotting and may refl ect activation 
of glycolytic processes. Th e abundance of metabolic enzymes participating in sterlet sperm 
motility may explain the relatively long period of their movement (up to 3 min), compared to 
other freshwater fi sh species (60 sec in carp), as well as slow ATP decrease in spermatozoa 
during motility period (Billard et al., 1999). 

In contrast, among serine-phosphorylated carp spermatozoa proteins only creatine kinase 
B-type, L-lactate dehydrogenase B-A chain, and malate dehydrogenase belong to energy 
metabolic pathways. Th e rest of the serine phospho-proteins are axonemal and cytosolic 
proteins: septin-8-A, parvalbumin-7-like, parvalbumin 6, heat shock protein HSP 90, 78 kDa 
glucose-regulated protein precursor (heat shock 70kDa protein 5), and parkin coregulated 
gene protein homolog. 

It should be mentioned that septin-8-A is a member of the highly conserved septin family of 
GTP-binding proteins that co-localizes with cellular membranes and the microtubule cytoskeleton 
(Spiliotis, 2010). In our previous study we found that septin-8-A is dephosphorylated under 
oxidative stress in carp spermatozoa (Gazo et al., 2015), and a similar result was obtained 
in the current study after sperm motility activation in hypotonic conditions. Also previous 
studies reported that septin-8 is a substrate for MAPK-activated protein kinase 5 (MK5) 
(Shiryaev et al., 2012). MAPKs are key regulatory enzymes in cell signaling, participating in 
diverse cellular functions and consist of several tiers of protein kinases that activate each 
other by sequential phosphorylation. Furthermore, heat shock proteins are known to be 
phosphorylated by MAPK-activated protein kinase under osmotic stress (Rouse et al., 1994). 
In the current study two heat shock proteins were phosphorylated in carp spermatozoa after 
motility activation. Interestingly, it was found that MAPK cascade functions in parallel with 
the Ca2+ signaling during sperm activation in Caenorhabditis elegans, and activation of the 
MAPK cascade bypasses the requirement of Ca2+ to induce sperm activation (Liu et al., 2014). 
Overall, these data make MAPK cascade a promising candidate for spermatozoa motility 
regulation in common carp which possess the osmotic mode of sperm motility activation. 

Heat shock proteins (HSPs) are highly conserved, critical components of the cell stress 
response. HSPs are classifi ed into families on the basis of their molecular weight, and they 
are overexpressed during acute and chronic stress. Th e role of HSPs in spermatozoa has been 
studied in mammals (Cole and Meyers, 2011) and ascidians (Satouh et al., 2005). HSPs are 
classifi ed as chaperone proteins, which protect intracellular macromolecules against unfolding 
and aggregation. Heat shock protein 70 (HSP 70) and heat shock protein 90 (HSP 90) are 
present in the cytosol and nucleus of somatic cells; they refold and transport proteins, and 
play an important role in the cellular distribution of proteins (Kakar et al, 2006). Previous 
studies also reported an increase in the phosphorylation of HSP 70 under osmotic stress 
(Cole and Meyers, 2011), and of HSP 90 during human sperm capacitation (Li et al., 2014). 
Moreover, HSP 70 is known to have a protective eff ect on cells undergoing heat or osmotic 
stress (Huang et al., 2000; Cole and Meyers, 2011). HSP 70 was shown to localize in the 
head and HSP 90 in the midpiece of monkey spermatozoa (Cole and Meyers, 2011). Th is 
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corresponds to our results of immunolabeling, which showed an increased phosphorylation 
on serine residues in the head and midpiece of carp spermatozoa after motility activation. 
Overall these data indicate involvement of HSP 90 and HSP 70 in carp sperm motility activation 
under hypotonic conditions.

Parvalbumin (PV), phosphorylated upon motility activation in spermatozoa of common 
carp, is a calcium-binding protein with three EF-hand motifs, structurally related to calmodulin 
(CaM).  A previous study reported the presence of PV in carp spermatozoa (Dietrich et al., 
2010); however, results of the current study demonstrated its participation in sperm motility 
and indicated that PV function is controlled by phosphorylation. Interestingly, compared to 
other Ca2+-binding proteins, such as CaM, PV has a slow dissociation and association rate, 
due to the fact that Mg2+ ions compete with Ca2+ ions for binding (Caillard et al., 2000). 
Hence it is possible that the presence of PV in carp spermatozoa suggests a diff erent Ca2+ 
signaling mechanism, compared to spermatozoa which contain CaM such as sterlet (Table 2) 
or tilapia (Morita et al., 2006b). Further studies are needed to understand the role of PV in 
spermatozoa of common carp.

In both species some of the tyrosine-phosphorylated proteins belong to ATP production 
and energy homeostasis pathways: malate dehydrogenase, transketolase, adenylate kinase 
and creatine kinase in carp spermatozoa; enolase B, phosphoglycerate kinase, creatine kinase 
B-type, ATP synthase subunit alpha, triosephosphate isomerase and phosphoglucomutase-1-
like isoform X2 in sterlet spermatozoa. Similar to phosphorylation on serine residue, the most 
abundant tyrosine phospho-proteins in sterlet spermatozoa were proteins associated with 
glycolysis and energy metabolism. Results of western blotting and immunolabeling indicate 
increased tyrosine phosphorylation right after motility activation and slow dephosphorylation 
of tyrosine residue in proteins up to the end of motility period.

Furthermore, we found out that CaM and septin-7 are also involved in sterlet sperm motility 
and regulated by tyrosine phosphorylation. Involvement of CaM in sperm motility has been 
reported for many other aquatic species, such as tilapia (Morita et al., 2006b) and ascidians 
(Nomura et al., 2004). CaM is considered to be a ubiquitous protein mediating intracellular 
Ca2+ signaling which activates sperm motility through the activation of dynein ATPase (Tash 
et al., 1988). Hence obtained results are in agreement with previous studies, which showed 
Ca2+-dependence of sturgeon sperm motility activation (Alavi et al., 2011).

Studies on mammals showed that septins are localized in the annulus – a fi brous structure 
between midpiece and principal piece of the sperm tail. Also, partial co-localization with 
microtubules has been reported for septin 7 (Spiliotis, 2010). Th e role of septins in fi sh 
sperm motility is not clear yet. However, it can be suggested that microtubule-associated 
septins may spatially modulate the association of tubulin with post-translationally modifying 
enzymes and microtubule motors. 

Th is assumption is supported by increased alpha-tubulin phosphorylation in carp 
spermatozoa, where septin-8-A was also dephosphorylated after motility activation. Tubulin 
belongs to a highly conserved multigenic family, in which several gene products usually 
coexist in the same cell (Mohri et al., 2012). Non-receptor tyrosine kinases such as pp60c-src, 
Fes, Jak2, and Syk phosphorylate a tyrosine residue(s) on tubulin (Wandosell et al., 1987). 
Immunofl uorescent localization of phospho-tyrosine in the current study indicates increased 
phosphorylation in fl agella of carp spermatozoa after motility activation. Th is result is in 
agreement with tubulin localization shown by Tash and Means (1982) in dog sperm. Th e 
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physiological relevance of alpha-tubulin phosphorylation in fi sh spermatozoa remains to be 
determined. However, previous studies showed that phosphorylation of alpha-tubulin on 
tyrosine residues can impair tubulin polymerization in vitro (Wandosell et al., 1987).

Flotillin-1 was identifi ed in spermatozoa of both species and was phosphorylated on 
tyrosine residue during motility period. Flotillin-1 is a membrane-associated protein which 
is thought to function in a number of cellular contexts, including signaling, endocytosis and 
interactions with the cytoskeleton. It has been shown that capacitation of boar spermatozoa 
induced redistribution of fl otillin-1 in plasma membrane of the spermatozoon head (van 
Gestel et al., 2005). Moreover, tyrosine phosphorylation is known to control distribution of 
fl otillin microdomains (Riento et al., 2009). In our study tyrosine phosphorylation of the head 
region of both carp and sterlet spermatozoa increased after motility initiation, which may be 
an indicator of the reorganization of lipid rafts after motility initiation. 

Results of western blotting and immuno-fl uorescence labeling also indicated that protein 
phosphorylation on threonine residue is involved in sperm motility activation (Figs. 3, 8). 
However, the only threonine-phosphorylated protein we were able to identify is creatine kinase 
B-type isoform X1 in carp spermatozoa. Th is protein was also shown to be a phospho-(Ser/
Th r) PKA substrate. Immunolocalization of phospho-threonine in carp and sterlet spermatozoa 
showed that the majority of proteins phosphorylated on threonine residue were localized in 
the midpiece of spermatozoa. Th ese results indicate a partial overlapping of PKA substrates 
and phospho-threonine proteins. 

CONCLUSION

In conclusion, sperm protein phosphorylation patterns diff er signifi cantly between two 
species, C. carpio L. and A. ruthenus. Diff erences in the way motility activation is triggered are 
followed by variations in intracellular signaling and implementation of secondary messengers. 
Th ough PKA and PKC are important participants in sperm motility, the roles of these two 
kinases seem to be diff erent between two species. Th us PKA seems to play a role only in 
energy production and sustaining of carp spermatozoa motility. However, it has been shown 
that carp spermatozoa movement mainly depends on ATP stored before activation (Perchec 
et al., 1995). Th erefore cAMP signaling is not a prerequisite of successful motility activation 
in C. carpio. On the other hand, the abundance of glycolytic enzymes in sterlet spermatozoa 
may indicate dependence of sperm movement on glycolytic ATP production during motility 
period and cAMP-dependent PKA signaling. 

Furthermore, the diff erence in phospho-(Ser) PKC substrate abundance between carp and 
sterlet spermatozoa, as well as presence of PV instead of CaM in carp sperm, may refl ect 
diff erent involvement of Ca2+ signaling in sperm motility. Further studies are needed to reveal 
mechanisms of Ca2+ signaling during sperm motility activation in these two species. 

An increased intensity of serine and tyrosine phosphorylation in the head of carp and sterlet 
spermatozoa may refl ect an activation of signaling pathways involved in gamete fusion and 
fertilization, considering that sterlet spermatozoon possesses a functional acrosome, in 
contrast to carp sperm which is devoid of acrosome.  

Involvement of multiple phospho-proteins in spermatozoa motility of carp and sterlet 
indicates a complex network of signaling molecules and enzymes involved in sperm motility 
activation, regulation and fertilization. Th is work has set the stage for future studies by 
identifying the major phospho-proteins whose functions should be analyzed in detail.  
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GENERAL DISCUSSION

Th ough spermatozoa of externally fertilising species are particularly vulnerable to oxidative 
damage, only few studies have dealt with ROS production in fi sh spermatozoa (Hagedorn 
et al., 2012) and their eff ects, especially for ROS generated by water pollutants (Zhou et al., 
2006). Moreover, reproduction of numerous fi sh species used in aquaculture depends on 
procedures of artifi cial fertilization. Th erefore it is necessary not only to know how sperm 
cells are constructed, but also which mechanisms of stress protection they apply, and 
how spermatozoa motility is initiated and regulated in freshwater fi sh. Th e current study 
was undertaken in order to understand how production of ROS and subsequent oxidative 
stress infl uence spermatozoa of teleostean and chondrostean fi sh species, how the protein 
phosphorylation is involved in stress response and sperm functioning. Additionally, protective 
eff ect of seminal plasma and antioxidant enzymes on carp spermatozoa exposed to oxidative 
stress was investigated.

Th e fi rst aim of the present study was to determine the eff ect of xenobiotic-induced 
oxidative stress on fi sh spermatozoa quality parameters after in vitro exposure. It has been 
shown that incubation of sterlet spermatozoa with xenobiotics in vitro led to decreased sperm 
motility and velocity (Chapter 2; Hulak et al., 2013; Linhartova et al., 2013). Sperm motility is 
a key prerequisite determining the quality and fertilizing ability of semen. Since variations in 
spermatozoa motility might refl ect quantitative and qualitative toxic eff ects of ectogenous 
contaminants, monitoring of spermatozoa motility parameters is an important approach in 
toxicity experiments (Rurangwa et al., 2004). Decreased sperm motility represents one of 
the adverse eff ects of water pollutants, which can aff ect individual fertility and, hence, poses 
problems for the whole fi sh population. On the other hand, analysis of sperm motility allows 
detecting active doses that impairs sperm motility function but is not enough to give detailed 
explanations about mechanisms of xenobiotic toxicity. Th ere are several possible ways by 
which EDCs may aff ect spermatozoa motility activation and movement. EDCs can act either 
through binding to membrane receptors and infl uencing intracellular signaling such as [Ca2+]

i

or kinase activity, or through binding to nuclear receptors, provided its permeability through 
the cytoplasmic membrane. Nuclear receptors translocate into the nucleus upon binding of 
the xenobiotic to trigger a specifi c transcriptional response of the cell. As a result adverse 
developmental, reproductive, neurological, carcinogenic and immune eff ects can be produced 
in both humans and wildlife. However, it is recognized that spermatozoa are transcriptionally 
inactive cells. Th erefore one of the possible mechanisms of xenobiotic eff ect is binding to 
membrane receptors. Despite the limited amount of information about membrane receptors 
in fi sh spermatozoa, it is noteworthy that Th omas and Doughty (2004) observed that non-
estrogenic as well as estrogenic organic compounds could interfere with a rapid non-genomic 
progestin action to up-regulate spermatozoa motility in Atlantic croaker (Micropogonias 
undulatus). Further studies will be performed to elucidate the eff ect of EDCs on intracellular 
signaling in spermatozoa of sterlet.

Results obtained in the present study allow us to suggest that EDCs are able to aff ect 
fi sh spermatozoa through an increased ROS production. An inverse correlation has been 
detected between sperm motility and lipid / protein oxidation after exposure of spermatozoa 
to xenobiotics (Chapter 2; Hulak et al., 2013). Increased levels of LO and CP indicate that 
xenobiotics have induced oxidative stress in sterlet spermatozoa. Th is is in agreement with 
previous studies of Zhou et al. (2006), who showed a correlation between duroquinone 
concentration, decrease of spermatozoa motility, lipid oxidation and ROS production. 
Furthermore the xanthine-xanthine oxidase (X–XO) system is known to generate ROS that 
are involved in spermatozoa damage (Griveau et al., 1995). In our studies, incubation of 



- 102 -

Chapter 6

spermatozoa of common carp with X–XO leads to motility decrease, increased levels of CP and 
LO, and DNA damage (Chapter 3), all features similar to those observed in sterlet spermatozoa 
exposed to xenobiotics. However, the mechanism of EDC-induced ROS production in fi sh 
spermatozoa remains to be better clarifi ed. 

Lipid oxidation can trigger the loss of membrane integrity, causing increased cell 
permeability and enzyme inactivation (Aitken et al., 1993), which, in turn, can aff ect sperm 
motility. Violation of membrane integrity reduces the ability of spermatozoon to withstand 
osmotic shock occurring at motility activation. Th us increased levels of LO predict disruption 
of some spermatozoa function. It is known that, in addition to lipids, free radicals can also 
react with some protein residues. Protein carbonyl formation has been shown to be an early 
marker for protein oxidation (Shiva et al., 2011). Th e formation of CP is irreversible, causing 
conformational changes, decreased catalytic activity in enzymes, and ultimately resulting 
in higher susceptibility of proteins to breakdown by proteases (Zhang et al., 2008). In the 
present study, we observed that environmental concentrations of vinclozolin led to increased 
LO and CP levels in sterlet spermatozoa (Chapter 2), whereas similar increase of LO and CP 
was observed in spermatozoa of common carp incubated with X–XO (Chapter 3). Th erefore, 
based on our results, we hypothesize that one possible way to explain motility parameters 
decline in fi sh spermatozoa in vitro could be the loss of membrane integrity as well as enzyme 
inactivation caused by oxidative stress.

Another possible explanation of ROS-mediated decline of sperm motility parameters is 
a decrease of ATP content. ATP is essential for spermatozoa motility, and decreased ATP 
equates with decreased spermatozoa movement (Perchec et al., 1995). It has been shown 
that after incubation with environmentally relevant concentrations of xenobiotics ATP content 
in sterlet spermatozoa decreased signifi cantly (Chapter 2; Hulak et al., 2013; Linhartova et 
al., 2013). Th is could be due to ROS-mediated inhibition of one or more enzymes of oxidative 
phosphorylation and/or glycolysis, which limited the generation of ATP. In sterlet spermatozoa, 
numerous metabolic enzymes, including creatine kinase, were shown to participate in sperm 
motility activation and sustaining (Chapter 5). Studies on creatine kinase (CK) activity 
in myofi brils showed that CK can be inhibited by ROS, probably by the oxidation of its 
essential sulfhydryl groups (Mekhfi  et al., 1996). Abundance of CK in spermatozoa of sterlet 
suggests its importance in energy production pathways. Moreover, participation of numerous 
metabolic enzymes in sterlet spermatozoa motility may explain the relatively long period of 
their movement, compared to other freshwater species (Chapter 5). Hence, suppression of CK 
activity by ROS could lead to decreased intracellular ATP content in spermatozoa exposed to 
xenobiotics and oxidative stress.

Studies of human spermatozoa have revealed that oxidative stress may induce signifi cant 
DNA damage in both the mitochondrial and nuclear genomes (Aitken and Baker, 2006). 
Using the comet assay we were able to show that vinclozolin, as well as ROS produced by 
X–XO system, damage spermatozoa DNA in models of chondrostean and teleostean fi sh 
(Chapters 2 and 4). Moreover, both spermatozoa motility and DNA integrity were shown 
to inversely correlate with indicators of oxidative stress such as LO and CP (Chapter 2), 
thus DNA fragmentation constitutes a reliable evaluation of free-radical mediated damage 
induced by oxidative stress (Kodoma et al., 1997). DNA strand breaks induced by ROS are 
potential pre-mutagenic lesions and are sensitive markers of chemical genotoxicity (Morales 
et al., 2013). Th e damaged DNA from spermatozoa could be transmitted to the off spring, 
and cause the negative eff ects in development (decrease in hatching rate, higher level of 
larval abnormalities) and growth (Barranger et al., 2014). Hence obtained results allow us to 
hypothesize that high sensitivity of sterlet spermatozoa toward the presence of xenobiotics 
makes them a promising model for studying eff ects of water pollution on reproduction of 
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aquatic organisms. On the other hand current results also emphasize the threat of water 
pollution for wild population of sturgeons.

To counteract the damaging eff ects of ROS, a variety of antioxidant enzymes are naturally 
present in fi sh spermatozoa and seminal fl uid (Li et al., 2010). Th erefore, our second aim was 
to evaluate the protective properties of antioxidants against oxidative stress in spermatozoa 
of common carp. Superoxide dismutase is considered the fi rst line of defence against the 
eff ects of free radicals in the cell through catalysing the dismutation of superoxide radicals to 
hydrogen peroxide and molecular oxygen. In the present study, signifi cantly increased SOD 
activity was observed in spermatozoa exposed to xenobiotic and ROS (Chapters 2 and 3). 
Furthermore, carp spermatozoa exposed to X–XO also showed an increase of glutathione 
reductase and glutathione peroxidase activity in a time- and dose-dependent manner. Th is 
is likely to be an adaptive response to toxicant stress and serves to neutralize the impact of 
increased ROS generation. Spermatozoa have limited antioxidant capacity to defend against 
ROS attack and are highly dependent on their intrinsic intracellular antioxidants and the 
antioxidant protection of the seminal plasma (Koziorowska-Gilun et al., 2011). Th erefore it is 
not surprising that the addition of seminal plasma and antioxidants to spermatozoa samples 
exposed to the X–XO system signifi cantly improved spermatozoa performance (Chapter 3), 
suggesting reduction in the damaging eff ects of ROS. 

It is well known that ROS are able to modulate spermatozoa intracellular signaling pathways 
(Aitken et al., 1998). A key step in the signaling pathways controlling sperm capacitation and 
the acrosome reaction is believed to be protein tyrosine phosphorylation (Baumber et al., 
2003). Th us, third aim of this thesis was to study the interplay between ROS and protein 
phosphorylation in fi sh spermatozoa. Results of the current work confi rmed that in spermatozoa 
of common carp tyrosine phosphorylation participates in stress response induced by X–XO 
(Chapter 4). Even low doses of free radicals were observed to alter the phosphorylation state 
of O-linked N-acetylglucosamine transferase (OGT) and septin-8-A, suggesting that these 
proteins are especially sensitive to ROS. OGT and septin-8-A were modifi ed by all tested 
concentrations of X–XO, both in the presence and absence of antioxidant enzymes. Th e OGT 
activity is also involved in the acrosome reaction in mammalian spermatozoa as well as in 
cell-cell interaction during gamete fusion (Wu and Sampson, 2014). Th us the eff ect of ROS on 
the OGT phosphorylation suggests that in fi sh, as well as in mammalian spermatozoa, ROS 
are involved in processes of sperm-egg fusion, even though carp spermatozoa do not possess 
an acrosome. Hence further studies are needed to study cell structures involved in gamete 
interaction in carp and the role of ROS in this process.

Septin-8-A has been shown to be dephosphorylated under oxidative stress in carp 
spermatozoa (Chapter 4). A similar result was observed after carp and sterlet sperm motility 
activation in hypotonic conditions (Chapter 5). Th e role of septins in fi sh sperm motility is 
not clear yet. However, it can be hypothesized that microtubule-associated septins may be 
regulated by ROS and participate in sperm motility by spatially modulating the association of 
tubulin with post-translationally modifying enzymes and microtubule motors.

Th e role of protein phosphorylation in fi sh spermatozoa motility has been elucidated in 
the Chapter 5 of the present work. Th e number of axonemal proteins and signaling enzymes 
involved in spermatozoa motility of sterlet and carp were localised and identifi ed in this study. 
Moreover, it has been shown that protein kinase A (PKA) and protein kinase C (PKC) participate 
in sperm motility of both species. Th ough the role of ROS in intracellular signaling during 
motility activation and regulation is not clear yet; previous studies have shown that PKC could 
participate in redox regulation (Lambert et al., 2003). It has been demonstrated that PKC 
promotes phosphorylation of p47phox, a component of the NADPH oxidase complex, and 
subsequently activation of the complex, which produce ROS in mammalian cells (Fontayne 
et al., 2002). 
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Several heat shock proteins were found in spermatozoa of carp (Chapter 5). HSP70 is one 
of the most important defence mechanisms of diff erent cell types and plays an important 
role in protecting cells against a broad spectrum of potentially lethal pollutants (Gupta et al., 
2010). Th e abundancy of heat shock proteins in carp spermatozoa allow us to suggest that in 
normal conditions spermatozoa after spawning are prepared to withstand a great osmotic and 
oxidative shock. Additionally carp spermatozoa possess a natural protection system against 
pollutants, which was not found in spermatozoa of sterlet. Th is result leads us to conclusion 
that spermatozoa of freshwater fi sh apply diff erent pathways of stress response, which may 
depend on their adaptation to diff erent environmental conditions.

Overall results of this thesis confi rm that fi sh sperm provide an important test tool for 
toxicity studies and show great promise as a useful indicator of low level toxic eff ects. Our 
fi ndings suggest that spermatozoa motility of freshwater fi sh is a complex process, regulated 
by post-translational protein modifi cations and various signaling molecules. Modulation 
of these pathways by environmental pollutants or ROS can lead to violations of motility 
parameters and drastically aff ect sperm fertilising ability. 

CONCLUSIONS

In this thesis, which includes three publications, the eff ect of xenobiotics and ROS on sperm 
performance and intracellular signaling of chondrostean and teleostean fi sh is described. 
Additionally we discussed the role of protein phosphorylation, kinase activity and secondary 
messengers involved in sperm motility activation and regulation in these species. Th e main 
conclusions obtained from this work are:

1. Sturgeon spermatozoa are highly susceptible to the presence of endocrine disrupting 
chemicals in environment, which induce excessive ROS production even at low 
concentrations. Th erefore the use of fi sh spermatozoa to detect toxic eff ect of water 
pollutants can be proposed as a novel mean of assessment of water quality. 

2. ROS production has been shown to be deleterious to fi sh spermatozoa, reducing sperm 
motility and ATP content, inducing DNA damage, lipid and protein oxidation. However, 
catalase, superoxide dismutase, and glutathione in combination with seminal plasma 
can reduce oxidative stress in carp spermatozoa and improve sperm quality.

3. ROS alter intracellular signaling pathways by altering protein phosphorylation and 
phosphatase activity in carp spermatozoa.

4. Protein phosphorylation is involved in fi sh sperm motility activation, processes of energy 
metabolism and intracellular signaling. PKA and PKC play important role in motility 
activation of carp and sterlet spermatozoa. 
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ENGLISH SUMMARY 

Th e role of reactive oxygen species and protein phosphorylation in fi sh spermatozoa

Ievgeniia Gazo

Spermatozoa of fi shes that have external fertilization are particularly vulnerable to damage 
after releasing into aqueous environment where there are great alterations in composition 
of media. Factors that aff ect spermatozoan movement in the external medium are water 
pollutants, temperature, pH and osmotic conditions. Numerous studies have shown that 
these factors can induce the production of reactive oxygen species (ROS) and, consequently, 
produce oxidative stress in diff erent cell types, including sperm. Th e duration of sperm motility 
in freshwater fi sh species is very short, varying from 30 sec to 3 min. Moreover, antioxidant 
protection is limited in spermatozoa because of the very small volume of cytoplasm. Th erefore 
any ROS-induced damage can signifi cantly impair fertilization. Even though numerous 
freshwater fi sh are among highly profi table aquaculture species and their reproduction 
mechanisms are objectives of diff erent research investigations, our knowledge about the 
role of oxidative stress and ROS in their spermatozoa is rather limited, as well as data on 
spermatozoan intracellular signaling and its interaction with ROS. 

Th e goal of the present study was to investigate the eff ects of oxidative stress on sperm 
performance and intracellular signaling, particularly the eff ect of pollutants occurring in 
water environment. In addition, the molecular mechanisms of stress response and motility 
activation for spermatozoa of two freshwater fi sh species (Acipenser ruthenus and Cyprinus 
carpio L.) were analyzed. 

Our results showed that endocrine disrupting chemicals, such as vinclozolin,at 
environmentally relevant concentrations induced a dose-dependent reduction in the motility 
of sterlet (Acipenser ruthenus) spermatozoa and the velocity (Chapter 2). Increased levels of 
lipid oxidation (LO) and protein carbonylation (CP), as well as changes in antioxidant activity of 
superoxide dismutase (SOD) indicate the development of an oxidative stress in spermatozoa 
exposed to xenobiotic. Moreover, increased DNA fragmentation, as well as a reduction of the 
level of ATP, was observed in spermatozoa incubated in vitro with xenobiotics. Th ese results 
demonstrated that sterlet spermatozoa are highly susceptible to pollutants, which induce 
excessive ROS production even at low concentrations. Although the antioxidant system 
apparently responds to the oxidative stress, it seems that the antioxidant capacity of fi sh 
sperm is not suffi  cient to prevent cell damage. Th erefore, the use of sperm for in vitro assays 
may provide a novel and effi  cient mean for evaluating the eff ect of xenobiotics in an aquatic 
environment. However, studies on the interplay between ROS and intracellular signaling 
by proteomic methods in sturgeon spermatozoa could be complicated by the absence of 
sturgeon protein database and poor genome sequencing.

To evaluate the role of ROS production in fi sh sperm and protective properties of 
seminal plasma, additional studies were performed on the common carp (Cyprinus carpio 
L.) spermatozoa (Chapter 3–4). Th e ROS were generated in carp spermatozoa by in vitro 
incubation with xanthine – xanthine oxidase system (X-XO). A time- and dose-dependent 
reduction in spermatozoa motility and velocity was observed as well as increased LO, CP and 
DNA fragmentation. Moreover, it was shown that O-linked N-acetylglucosamine transferase and 
septin-8-A changed their phosphorylation state, and acid phosphatase activity decreased in 
response to oxidative stress (Chapter 4). Th us, these results demonstrated that ROS impaired 
the functional parameters of carp spermatozoa, and altered intracellular signaling pathways 
through changes in tyrosine phosphorylation and acid phosphatase activity. On the other 
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hand, catalase (CAT), superoxide dismutase (SOD), and glutathione (GTH) in combination 
with seminal plasma can reduce oxidative stress in carp spermatozoa and improve sperm 
quality.

Our next study was conducted to provide basic knowledge about the molecular mechanisms 
of motility activation in spermatozoa of two taxonomically distant fi sh species: sterlet 
(Acipenser ruthenus) and common carp (Cyprinus carpio L.) (Chapter 5). Proteomic methods 
were used in order to better understand how sperm cells are constructed and how the protein 
phosphorylation is involved in the very rapid activation of fl agellar motility. It was shown that 
the pattern of protein phosphorylation and their localization diff ers signifi cantly between 
these two species. Phosphorylations on serine and tyrosine residues, as well as protein kinase 
A (PKA) substrates play an important role in spermatozoan motility activation and regulation 
in both species. Moreover, results of mass spectrometry analysis indicated that the majority 
of PKA substrata involved in spermatozoa motility activation belong to mitochondrial complex 
and glycolysis pathway. Results of analysis using kinase inhibitor suggest that the protein kinase 
C (PKC) activity is necessary for sperm motility activation in carp and sterlet. Furthermore, 
dynein intermediate chain was identifi ed as a PKC substrate in sterlet spermatozoa. However, 
despite these fi ndings, the role of PKC in fi sh spermatozoa motility remains unclear. Numerous 
signaling proteins involved in carp and sterlet spermatozoa movement were identifi ed in this 
study, giving a better understanding of molecular mechanisms underlying sperm motility.

 In conclusion, the results of this study provide new data on the eff ect of xenobiotics and 
oxidative stress on fi sh spermatozoa motility, DNA integrity, lipid and protein oxidation, 
antioxidant defense system and intracellular signaling. Th ese data demonstrated the toxicity 
of water pollutants and ROS for fi sh spermatozoa and proposed the use of CAT, SOD, or GTH 
in combination with seminal plasma to reduce oxidative stress in these cells. Moreover, we 
identifi ed many spermatozoan proteins that are involved in stress response and motility. In 
practice, the data presented in this thesis could be useful for elaboration of suitable medium 
for cryopreservation and artifi cial propagation of freshwater fi sh species.
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CZECH SUMMARY

Vliv reaktivních forem kyslíku a proteinové fosforylace na funkci spermií ryb

Ievgeniia Gazo

Sperma ryb s  externím oplozením je zvláště citlivé na poškození po vstupu do vodního 
prostředí, kde jsou velké změny ve složení média. Faktory, které ovlivňují pohyb spermií ve 
vnějším prostředí, jsou zejména vodní polutanty, teplota vody, pH a osmotický tlak. Mnoho 
studií prokázalo, že tyto faktory mohou vyvolat produkci reaktivních forem kyslíku (ROS) 
a v důsledku toho vytvářet oxidační stres v různých typech buněk, a to včetně spermií. Délka 
motility spermií sladkovodních ryb je velmi krátká a pohybuje se od 30 sekund do 3 minut. 
Kromě toho je antioxidační ochrana spermií omezena kvůli malému objemu jejich cytoplazmy, 
a proto by jakékoliv poškození indukované ROS mohlo významně narušit plodnost ryb. I přesto, 
že mnoho sladkovodních druhů ryb patří mezi vysoce rentabilní akvakulturní druhy a jejich 
reprodukční mechanizmy jsou cílem různých výzkumů, jsou naše poznatky o roli oxidačního 
stresu a ROS u spermií dosti omezené stejně jako údaje o spermatozoální intracelulární 
signalizaci a její interakci s ROS.

Cílem této studie bylo zjistit vliv oxidativního stresu na funkci spermií a na intracelulární 
signalizaci indukované různými znečisťujícími látkami vyskytujícími se ve vodním prostředí. 
Kromě toho byly analyzovány molekulární mechanizmy na stresovou reakci a aktivační proces 
pohyblivosti spermií u dvou druhů sladkovodních ryb – jeseter malý (Acipenser ruthenus) 
a kapr obecný (Cyprinus carpio L.).

Výsledky ukazují, že endokrinně disruptivní chemické látky jako Vinclozolin mohou vyvolat 
snížení pohyblivosti i rychlosti spermií jesetera malého, a to již při koncentracích vyskytujících se 
přirozeně ve vodním prostředí (kapitola 2) Zvýšená hladina lipidové oxidace (LO) a proteinové 
karbonylace (CP), stejně jako změna v antioxidačním účinku superoxiddismutázy (SOD), 
naznačují vznik oxidačního stresu u spermií, které byly předem vystaveny xenobiotikům. 
Kromě toho byla pozorována zvýšená fragmentace DNA a snížená úroveň ATP u spermií, 
které byly ovlivněny xenobiotiky in vitro. Výsledky ukazují, že sperma jesetera malého je velmi 
citlivé na přítomnost polutantů a již při nízkých koncentracích indukují nadměrnou produkci 
ROS. Ačkoliv antioxidační systém zřejmě reaguje na antioxidační stres, zdá se, že antioxidační 
kapacita rybího spermatu není dostatečná na to, aby zabránila poškození buněk. Z  tohoto 
důvodu by použití spermatu v in vitro testech mohlo poskytnout nový a efektivní prostředek 
pro vyhodnocování účinku xenobiotik ve vodním prostředí. Bohužel studie o vzájemném 
vztahu mezi ROS a intracelulární signalizací proteomickou metodou u spermií jesetera jsou 
komplikované z  důvodu absence databáze jeseteřích bílkovin a náročnosti sekvenace jeho 
genomu. 

K  vyhodnocení úlohy produkce ROS u rybích spermií a protektivních vlastností semenné 
plazmy byla další studie prováděna na spermiích kapra obecného (kapitoly 3–4). ROS byly 
generovány u kapřích spermií in vitro inkubací s xanthin – xanthinoxidázovým systémem 
(X–XO). Dávka škodlivé látky a doba působení měla vliv na snížení pohyblivosti a rychlosti 
spermií, stejně tak byla pozorována zvýšená hladina LO, CP a DNA fragmentace. Navíc bylo 
prokázáno, že reaktivní forma kyslíku vázaná na N-acetylglukosaminovou transferázou a septin-
8-A změnila stav jejich fosforylace a aktivita acid-fosfatázy se snížila v reakci na oxidativní stres. 
Bylo rovněž zjištěno, že ROS zhoršují funkční parametry kapřích spermií a způsobují změny 
v intracelulárních signálních dráhách prostřednictvím změn fosforylace tyrosinu a kyseliny 
fosforečné. Na druhou stranu, kataláza (CAT), superoxiddismutáza (SOD) a glutathion (GTH) 
v  kombinaci se semennou plazmou můžou mít vliv na snížení oxidačního stresu spermatu 
kapra a zlepšení kvality spermií.
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Další studie byla provedena s cílem získat základní znalosti o molekulárních mechanizmech 
aktivace pohyblivosti spermií u dvou taxonomicky vzdálených druhů ryb: jesetera malého 
a kapra obecného (kapitola 5). Proteomické metody posloužily k porozumění, jak jsou buňky 
spermií konstruovány a jak se fosforylační bílkoviny podílejí na velmi rychlé aktivaci pohyblivosti 
bičíku. Ukázalo se, že typ proteinové fosforylace a její lokalizace se značně liší mezi oběma 
druhy ryb. Fosforylace na serinovém a tyrosinovém zbytku, stejně jako protein-kináza A (PKA), 
hrají důležitou roli u pohyblivosti, aktivace a regulace spermií obou druhů. Navíc výsledky 
analýz hmotnostní spektrometrií ukázaly, že většina substrátů PKA podílejících se na aktivaci 
pohyblivosti patří do komplexu mitochondriální a glykolýzové dráhy. Kromě toho dyneinový 
střední řetězec byl identifikován jako PKC substrát spermií jesetera malého. Úloha PKC u rybích 
spermií zůstává zatím nejasná. Mnoho signalizačních proteinů, které byly identifikovány v této 
studii a které se podílejí na pohybu spermií kapra obecného a jesetera malého, nám lépe 
objasňují molekulární mechanizmy pohybu spermií.

Závěrem lze říci, že výsledky této práce nám poskytují nové údaje o vlivu xenobiotik 
a oxidačního stresu na pohyblivost rybích spermií, integritu DNA, lipidovou a proteinovou 
oxidaci, antioxidační obranný systém a intracelulární signalizaci. Naše výsledky prokázaly 
toxicitu některých vodních polutantů a vliv ROS na rybí spermie stejně jako blahodárný 
účinek CAT, SOD nebo GTH v kombinaci se semennou plazmou na snížení oxidačního stresu 
spermií. Navíc jsme identifikovali mnoho spermiálních proteinů podílejících se na stresové 
reakci a pohyblivosti. V praxi by mohla být uvedená data v této práci užitečná pro vypracování 
vhodného média pro kryokonzervaci a umělý výtěr sladkovodních druhů ryb. 
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