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Abstract Oxidative stress is a possible source of

spermatozoa function deterioration. Seminal fluid

(SF) protects spermatozoa against reactive oxygen

species (ROS) attack during development in testes and

transit through the reproductive tract. Spermatozoa

curvilinear velocity and percent of motile cells as well

as changes in thiobarbituric acid-reactive substance

(TBARS) content, superoxide dismutase, and catalase

activity, and uric acid concentration in SF were

evaluated in sterlet sperm collected from testes 24 h

after hormone induction of spermiation and from

Wolffian ducts at 12, 24, 36, and 60 h after hormone

injection (HI). While testicular spermatozoa motility

was not initiated in activating medium, Wolffian duct

sperm showed low motility at 12 h, significant

increase at 24 and 36 h, and decrease at 60 h.

Testicular SF was characterized by the highest level

of TBARS and activity of studied enzymes compared

with SF from Wolffian duct sperm at 24 h post-HI. In

fluid from Wolffian duct sperm, a significant increase

in TBARS content was shown at 36–60 h post-HI. In

contrast to testicular SF, in SF from Wolffian duct

sperm, this increase was not counterbalanced by

changes in the studied variables of antioxidant system.

This may be the source of the observed decrease in

spermatozoa motility parameters 60 h post-HI. The

results may confirm a dual role of ROS in fish sperm

physiology. The data with respect to decrease in

sturgeon spermatozoa motility parameters at 60 h

post-HI should be taken into account in artificial

sturgeon propagation.
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Introduction

The process through which spermatozoa acquire the

capability of motility and fertilization is called mat-

uration (Schulz et al. 2010). This process is well

investigated in many animal species, especially in

V. Dzyuba (&) � B. Dzyuba � J. Cosson �
S. Boryshpolets � M. Rodina

Faculty of Fisheries and Protection of Waters, South

Bohemian Research Center of Aquaculture and

Biodiversity of Hydrocenoses, University of South

Bohemia in Ceske Budejovice, Zatisi 728/II,

38925 Vodnany, Czech Republic

e-mail: vdzyuba@frov.jcu.cz

V. Dzyuba

Scientific-Research Institute of Biology, V.N. Karazin

Kharkiv National University, 4 Svobody Sq.,

Kharkiv 61022, Ukraine

G. Yamaner

Faculty of Fisheries, Aquaculture Department, Istanbul

University, Beyazit/Eminonu, Istanbul 34452, Turkey

V. Kholodniy

Institute for Problems of Cryobiology and Cryomedicine,

National Academy of Sciences of the Ukraine,

23 Pereyaslavskaya St., Kharkiv 61015, Ukraine

123

Fish Physiol Biochem (2014) 40:1731–1739

DOI 10.1007/s10695-014-9963-2



humans and domestic mammals (de Lamirande et al.

1997; Marengo 2008; Sostaric et al. 2008), because of

its importance for success in assisted reproductive

technologies. In mammals, spermatozoa acquire the

potential for motility as they leave the testis and pass

along the epididymis. Fish spermatozoa maturation has

not commonly been considered a strongly limiting

factor for success in aquaculture and has been inves-

tigated in only a few teleost species (Morisawa and

Morisawa 1986, 1988; Miura et al. 1995; Ohta et al.

1997; Miura and Miura 2001). These studies have

shown that substances in the sperm duct are required

for spermatozoa to acquire the potential for motility.

We have recently established that the sperm

maturation process in sturgeon takes place outside

the testes and suggested that high molecular weight

substances present in seminal fluid (SF) and/or urine

are involved (Dzyuba et al. 2014).

Sturgeon possesses an excretory system in which

sperm and urinary ducts are not completely separated.

We observed significant differences between sterlet

testicular sperm and sperm collected from Wolffian

ducts, the latter being commonly used in aquaculture.

Testicular spermatozoa did not become motile in

activating medium (AM). Motility took place after

in vitro incubation in urine or SF from Wolffian duct

sperm in a temperature and time-dependent manner

(Dzyuba et al. 2014). We found a lack of motility in

testicular spermatozoa after incubation in SF from

Wolffian duct sperm from which high molecular

weight substances had been removed, indicating that

the presence of high molecular weight substances in SF

is a prerequisite for sturgeon spermatozoa maturation.

The antioxidant system of SF and spermatozoa

plays an important role in maintaining the semen

viability under in vivo conditions and in vitro storage

(Lahnsteiner and Mansour 2010). To counteract

oxidative damage, SF and spermatozoa possess low

molecular weight antioxidants and antioxidant

enzymes. In the present study, superoxide dismutase

(SOD), catalase (CAT), and uric acid (UrAc) were

chosen as representatives of enzymatic and non-

enzymatic antioxidant systems. SOD and CAT are

the most important elements in the enzymatic protec-

tive system, since they are, respectively, the scaveng-

ers of superoxide anion radicals and hydrogen

peroxide, the latter being partially produced during

enzymatic dismutation of superoxide anion radicals.

For this reason, it is better to analyze the combined

activity of SOD and CAT. Uric acid is probably the

main non-enzymatic antioxidant in fish SF, as it is

present in high concentrations in SF of a range of

teleost species (Ciereszko et al. 1999; Lahnsteiner

et al. 2010). There are no data available with respect to

the UrAc level in SF of chondrosteans. Available data

concerning the intensity of peroxidation processes and

antioxidant system stability under in vitro fish sperm

storage are somewhat contradictory. In brown trout,

thiobarbituric acid-reactive substance (TBARS) con-

tent in spermatozoa and SF was essentially increased

after 48 h of in vitro storage (Lahnsteiner et al. 2010),

while the concentration of all studied non-enzymatic

substances and antioxidant enzymes did not change in

SF or in spermatozoa during storage. In Siberian and

Russian sturgeon, significant increase in TBARS

content has also been shown in spermatozoa after 3

and 6 days in vitro storage, respectively (Shaliutina

et al. 2013), but an increase in SOD activity preceded

the increase in TBARS concentration. Data on inten-

sity of peroxidation processes and the antioxidant

system capacity of sturgeon SF are lacking.

The primary goal of the present study was to

evaluate changes in TBARS content, SOD and cata-

lase activity, and uric acid concentration of SF of

sterlet Acipenser ruthenus sperm collected from testes

and from the Wolffian ducts at various times after carp

pituitary induction of spermiation.

Materials and methods

All experiments were conducted according to the

principles of the Ethics Committee for the Protection

of Animals in Research of the University of South

Bohemia in Ceske Budejovice, Research Institute of

Fish Culture and Hydrobiology, Vodnany (based on

the EU-harmonized Animal Welfare Act of the Czech

Republic).

Fish rearing conditions

During the natural spawning season, 24 sterlet males

(3–4 years old, 0.6–1.0 kg weight) were transferred from

aquaculture ponds (water temperature 8–10 �C) into a

0.8 m3 closed water recirculation system, located at the

hatchery of South Bohemian Research Center of Aqua-

culture and Biodiversity of Hydrocenoses, Vodnany,

Czech Republic. Water temperature was increased to
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15 �C within 24 h, and fish were held 4 days without

feeding before beginning the experiments.

Sperm collection and seminal fluid processing

Sperm was collected from the Wolffian ducts (this

sperm is used for artificial sturgeon propagation) and

from testes. Wolffian duct sperm was collected at the

urogenital sinus by aspiration using a 4-mm plastic

catheter connected to a 10-ml syringe. Spermiation

was stimulated by intramuscular injection of carp

pituitary powder dissolved in 0.9 % (w/v) NaCl

solution at 4 mg kg-1 of body weight. Fish were

randomly separated into four groups. In these groups,

Wolffian duct sperm was collected only once at

different time after stimulation of spermiation: 12, 24,

36, or 60 h. Fish from which sperm was collected 24 h

post-hormone injection (HI) were euthanized by a

blow to the head and exsanguination to collect

testicular sperm by incision of efferent ducts (Fig. 1).

The sperm samples were centrifuged at 3009g at

4 �C for 10 min, and the supernatants were collected

and centrifuged a second time for 15 min at

5,0009g. Supernatants obtained after the second

centrifugation were referred to as SF and were frozen

at -80 �C until use.

Motility analysis

For motility activation, 10 mM Tris–HCl buffer, pH

8.0, containing 0.25 % pluronic acid was used as AM.

For triggering motility, Wolffian duct sperm was

diluted in AM at 1:100, and testicular sperm was

added to 50 ll AM with a tip of a dissecting needle

(dilution approximately 1:1,000). Sperm suspensions

were carefully mixed for 2 s. Motility was recorded

for 1–2 min post-activation using video microscopy

combined with stroboscopic illumination (Exposure-

Scope�, Czech Republic). Video records were ana-

lyzed to estimate spermatozoa curvilinear velocity

(VCL) and percent of motile cells (motility rate) by

microimage analyzer (Olympus Micro Image 4.0.1.

for Windows, Japan).

Spermatozoa concentration determination

Spermatozoa concentration was determined using a

Burker cell hemocytometer (Meopta, Czech Republic)

and Olympus BX 50 phase contrast microscope (2009

magnification; Olympus, Japan).

Spermatozoa membrane integrity assessment

Spermatozoa membrane integrity was determined

using the Live/Dead Sperm Viability kit (L-7011;

Molecular Probes) by the method of Flajshans et al.

(2004). Briefly, the sperm samples from all groups

were diluted with 150 mM NaCl into a suspension

containing 5 9 106 cells/ml. Subsequently, SYBR 14

dye and propidium iodide were added to 1 ml of sperm

suspension to a final concentration of 100 nM and

12 lM, respectively. After 10-min incubation in dark,

Fig. 1 Structure of sterlet male urogenital tract. UGS urogen-

ital sinus, T testis, K kidney, WD Wolffian ducts, ED efferent

ducts. a Urogenital sinus (black arrowhead) with sperm–urinary

duct catheter inserted during urine or Wolffian duct sperm

collection; oval area dissected to allow access to the testis–

kidney junction to collect testicular sperm. b Overall view of

body cavity after removal of skin and digestive tract; Wolffian

ducts are shown by arrowheads; oval the area of the testis–

kidney junction. c View of the testis–kidney junction. d Simpli-

fied schematic view of sturgeon urogenital system according to

Hoar (1969). Testicular sperm was collected from incision of

efferent ducts
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results were observed by fluorescence microscopy

with an Olympus BX60 equipped with Olympus

MWB filter cube (wide band, blue excitation

450–480 nm, emission above 515 nm), and images

were recorded using 3CCD Sony DXC-9100P color

camera and analyzed by microimage analyzer (Olym-

pus Micro Image 4.0.1. for Windows, Japan). Sixty to

100 images per sperm sample were analyzed. Percent

of live (green fluorescence) spermatozoa was used as a

variable of spermatozoa membrane integrity.

Evaluation of thiobarbituric acid-reactive

substance content in seminal fluid

The TBARS content was measured spectrophotomet-

rically according to Asakawa and Matsushita (1980).

Briefly, to 0.08–0.25 ml SF, 0.025 ml butylated

hydroxytoluene solution (22 mg in 10 ml ethanol),

0.025 ml ferric chloride solution (27 mg of FeCl3-

6H2O in 10 ml water), 0.375 ml of 0.2 M glycine–

hydrochloric acid buffer, pH 3.6, and 0.375 ml TBA

reagent (0.5 % TBA and 0.3 % sodium dodecyl

sulfate) were added. The tubes were capped and

heated for 15 min in a boiling water bath. After

cooling, 0.25 ml glacial acetic acid and 0.5 ml chlo-

roform were added. The mixture was vigorously

shaken and centrifuged for 10 min at 1,5009g. The

absorbance of samples was determined at 535 nm

against a blank with deionized water substituted for

the biological sample. A molar extinction coefficient

of 1.56 9 105 M-1 cm-1 was used for calculation of

TBARS content. The concentration of TBARS was

expressed as nmol ml-1 SF.

Evaluation of enzymatic antioxidant system

variables in seminal fluid

Superoxide dismutase (EC 1.15.1.1) activity was

measured spectrophotometrically at 420 nm accord-

ing to the method of Marklund and Marklund (1974).

The inhibition of pyrogallol autoxidation by SOD-

containing sample was used for the determination of

the enzyme activity. The autoxidation of 0.2 mM

pyrogallol in air-equilibrated 50 mM Tris–HCl buffer,

pH 8.2, containing 1 mM EDTA, was inhibited by the

addition of the assayed sample. One unit of the

enzyme is generally defined as the amount of enzyme

that inhibits the reaction (in this case, pyrogallol

autoxidation) by 50 %. The results were expressed in

units per ml of SF.

Catalase (EC 1.11.1.6) activity was measured

spectrophotometrically at 240 nm. Reaction medium

contained 10 mM R?-phosphate buffer with 0.1 mM

EDTA, pH 7.4, and 15 mM H2O2 according to the

method of Marklund et al. (1981). Catalase activity

was calculated from H2O2 decomposition rate, using

molar extinction coefficient 39.4 M-1 cm-1, and

expressed in lmol min-1 ml-1 of SF.

Evaluation of uric acid content in seminal fluid

The uric acid content was used as an index of the non-

enzymatic antioxidant system of SF. UrAc content was

determined by the uricase method (Duncan et al. 1982)

using absorption spectrophotometry and expressed as

lmol per l of SF.

Data presentation and statistical analysis

The values of spermatozoa velocity were checked for

distribution characteristics and homogeneity of dis-

persion using Shapiro–Wilk’s and Levene’s tests,

respectively. As they were normally distributed with

similar dispersion values, parametric one-way ANO-

VAs were applied and Tukey’s honest significant

difference test (HSD test) was used for contrasting the

differences between groups. Because of the small

number of observations (n = 6), nonparametric sta-

tistics using the Kruskal–Wallis test followed by the

Mann–Whitney U test with Bonferroni correction

were performed for comparison of percent of motile

spermatozoa, CAT and SOD activity, uric acid and

TBARS content, and membrane integrity.

Results were presented as mean ± standard devi-

ation, and statistical significance was considered at

P \ 0.05. All analyses and plots were conducted using

STATISTICA V 9.1 computer program (Statsoft Inc.,

USA).

Results

Spermatozoa motility parameters

Table 1 represents motility parameters of sterlet

testicular spermatozoa and Wolffian duct spermato-

zoa. Significant differences were observed in
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testicular spermatozoa and Wolffian duct spermatozoa

responses to AM treatment. AM did not initiate

testicular spermatozoa motility, but did activate

Wolffian duct spermatozoa. Wolffian duct sperm

showed low motility at 12 h post-HI and a significant

increase at 24 and 36 h post-HI. Wolffian duct

spermatozoa at 60 h showed a decrease in motility

rate. The same trend was shown for spermatozoa VCL

(Table 1). Average VCL at 12 and 60 h post-HI was

characterized by low values, while high, typical for

sterlet (Dzyuba et al. 2012), levels were observed at

24 and 36 h post-HI.

TBA-reactive substance content in seminal fluid

Seminal fluid from testicular sperm was characterized

by more than threefold (7.6 vs. 2.1 nmol ml-1)

content of these products compared with SF from

Wolffian duct sperm collected 24 h post-HI (time at

which sperm is commonly collected in aquaculture)

(Fig. 2). A lower level of TBARS was found in SF

from Wolffian duct sperm compared with SF from

testicular sperm at all sperm collections. Content of

TBARS in SF from Wolffian duct sperm was the

lowest at 12 h post-HI and was significantly increased

at 36 h post-HI. Sperm collected at 60 h post-HI did

not show a rise in TBARS content.

Fig. 2 TBARS content in sterlet SF, collected at various times

after hormone stimulation of spermiation. 24(T) SF from

testicular sperm collected at 24 h after HI. Values with different

letters are significantly different (P \ 0.05, Mann–Whitney

U test, n = 6)

Fig. 3 Activity of SOD (a) and catalase (b) in sterlet SF

collected at various times after hormone stimulation of

spermiation. 24(T) SF from testicular sperm collected 24 h

after HI. Values marked by asterisk are significantly different

(P \ 0.05, Mann–Whitney U test, n = 6) from unmarked

Table 1 Motility parameters of sterlet spermatozoa

Parameters Testicular spermatozoa

24 h post-HI

Wolffian duct spermatozoa

12 h post-HI 24 h post-HI 36 h post-HI 60 h post-HI

Motility (%) 0a 18 ± 8b 88 ± 7c 83 ± 11c 31 ± 18b

VCL (lm s-1) 0a 128 ± 19b 167 ± 34c 178 ± 31c 119 ± 35b

The values in a row with different superscripts are significantly different (P \ 0.05, Mann–Whitney U test for motility and Tukey’s

HSD test for velocity)
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Enzymatic antioxidant activity and uric acid

concentration in seminal fluid

The activities of SOD and CAT were 5–10 and 42–50

times, respectively, in SF from testicular sperm that of

SF from Wolffian duct sperm at all collection times

(Fig. 3a, b). The activity of the analyzed antioxidant

enzymes in SF from Wolffian duct sperm was similar

at all collection times.

In contrast to TBARS, SOD, and CAT, UrAc

concentration in SF from testicular sperm was not

different from the values in SF from Wolffian duct

sperm (Fig. 4). There were no significant changes in

this variable in SF from Wolffian duct sperm at any

time post-HI.

Membrane integrity and spermatozoa

concentration

Testicular spermatozoa and Wolffian duct spermato-

zoa membrane integrity at 12, 24, and 36 h post-HI

were similar. Membrane integrity at 60 h post-HI was

significantly reduced compared with values at 12–36 h

post-HI (Fig. 5a).

The highest spermatozoa concentration was found in

testicular sperm (Fig. 5b). Spermatozoa concentration

was extremely low (0.016 ± 0.008 9 109 cell ml-1) in

Wolffian duct sperm collected at 12 h post-HI. Sperm

collected at 24 h post-HI was characterized by increased

concentration (0.372 ± 0.160 9 109 cell ml-1). Wolff-

ian duct sperm at 36 and 60 h post-HI showed an increase

in spermatozoa concentration to 3.1 ± 1.5 9 109 and

3.2 ± 1.8 9 109 cell ml-1, respectively. No significant

difference between spermatozoa concentration at 36 and

60 h post-HI was observed.

Discussion

Results of the present study confirmed our previous

observation of differences in motility of spermatozoa

collected from testes and from Wolffian ducts

(Dzyuba et al. 2014) and determined that motility

parameters of Wolffian duct spermatozoa are altered

as a function of time after induction of spermiation.

Wolffian duct spermatozoa collected 60 h post-HI

Fig. 4 Uric acid content of sterlet SF, collected at various times

after hormone stimulation of spermiation. 24(T) SF from

testicular sperm collected 24 h after HI. No significant differ-

ences were found (P [ 0.05, Mann–Whitney U test, n = 6)

Fig. 5 Membrane integrity (a) and spermatozoa concentration

(b) of sterlet sperm, collected at various times after hormone

stimulation of spermiation. 24(T) SF from testicular sperm

collected at 24 h after stimulation. Values with different letters

are significantly different (P \ 0.05, Mann–Whitney U test,

n = 6)
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were characterized by a significant decrease in veloc-

ity and motility (Table 1).

Oxidative stress is among the reasons for sperma-

tozoa function deterioration in various animal species,

including mammals and fish (Sikka et al. 1995;

Agarwal and Saleh 2002; Aitken et al. 2003; Kasi-

manickam et al. 2007; Turner and Lysiak 2008; Shiva

et al. 2011; Hagedorn et al. 2012), and a function of SF

is the protection of spermatozoa from oxidative

damage (Potts et al. 2000; Baumber and Ball 2005;

Tavilani et al. 2008; Lahnsteiner et al. 2010), as

effectiveness of spermatozoa antioxidant system is

insufficient to cope with oxidative stress.

Seminal fluid from testicular sperm was character-

ized by a higher level of TBARS than that from

Wolffian duct sperm at all collection times (Fig. 2).

As we did not study the changes in TBARS content in

SF from testicular sperm at different time post-HI,

correct comparison can be done only for two groups of

results: (1) SF from testicular sperm and Wolffian

duct sperm, collected at 24 h post-HI, and (2) SF from

Wolffian duct sperm, collected at different time post-

HI. Content of TBARS in SF from Wolffian duct

sperm changed with the time post-HI, showing a

significant increase at 36 h. Intensification of lipid

peroxidation at 36 h post-HI was not accompanied by

deterioration of spermatozoa motility parameters. At

60 h post-HI, the level of TBARS was unchanged,

with a significant decrease in spermatozoa VCL and

motility rate (Table 1).

We observed that an increased amount of TBARS

in SF from testicular sperm was followed by a rise in

SOD and CAT activity (Fig. 3). The high level of lipid

peroxidation products in SF from testicular sperm,

which is immature in sturgeon, may be an indication of

excessive production of reactive oxygen species

(ROS). In mammals, enhancement of superoxide

production by the addition of exogenous NADPH

has been shown to correlate with epididymal devel-

opment and peaks in immature sperm (Fisher and

Aitken 1997). The involvement of ROS in mammalian

sperm maturation was reviewed by Ford (2004) and

Aitken et al. (2012). As fish possess cystic type of

spermatogenesis, during spermiation, spermatozoa are

released in the lumen of testis as a result of the

breakdown of the Sertoli cell layer (Vizziano et al.

2008). It could be supposed that exactly this break-

down leads to activation of lipid peroxidation and at

the same time to increase in activity of enzymatic

antioxidant system. It looks like that the conditions of

increased oxidative processes physiologically could

be involved in sturgeon sperm maturation in a way

similar to one occurring during mammalian sperm

epididymal transit (Ford 2004; Aitken et al. 2012). So,

ROS seem to be a factor involved in the spermatozoa

maturation process. At the same time, spermatozoa are

extremely sensitive to the damaging effects of these

highly reactive species. In order to prevent the

development of oxidative stress, spermatozoa are

equipped with non-enzymatic and enzymatic antiox-

idants (Rhemrev et al. 2000; Chabory et al. 2010).

Because of the limited cytoplasmic volume and,

therefore, the low amount of endogenous antioxidant,

sperm cells rely chiefly on the antioxidant capacity of

SF.

Seminal fluid from testicular sperm was character-

ized by an extremely high level of SOD and CAT

activity compared with SF from Wolffian duct sperm

(Fig. 3). Uric acid of sterlet SF exhibited stable

concentration in all investigated groups (Fig. 4). It is

quite understandable that the testicular SF is more

concentrated in the different components as it is not

diluted yet by the mixing with some urine (the later

explaining the homogenous uric acid concentration

between samples). Uric acid concentration determined

in the present study for sterlet SF was significantly

lower than that has been reported for other fish species

(Ciereszko et al. 1999; Lahnsteiner et al. 2010). The

high activity of the enzymatic antioxidant system

allowed testicular spermatozoa to cope with the

deleterious effects of excessive ROS production and

to retain the ability to become motile after passing

through the kidneys and Wolffian ducts.

The increase observed in TBARS content with time

following spermiation was not accompanied by a

corresponding increase in activity of the studied anti-

oxidant enzymes. We suggest that extended time in the

Wolffian ducts resulted in spermatozoa oxidative stress

and, finally, in decrease in motility parameters. The

assessment of spermatozoa membrane integrity may be

an additional confirmation of this. Membrane integrity

was stable to 36 h (Fig. 5a), a time characterized by a

significant increase in TBARS content. As this increase

was not compensated for by a rise in antioxidant enzyme

activity, the spermatozoa membrane lost its integrity,

supposedly due to lipid peroxidation. Combined results

with respect to sperm motility parameters, spermatozoa

concentration, and membrane integrity (Table 1;
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Fig. 5a, b) lead to the speculation that low-motility

parameters observed at different time post-HI may have

different sources. In testis and a short time post-HI, low

motility may be due to immature spermatozoa. The cell

membrane is intact, and a certain amount of time in the

Wolffian duct is probably required for completion of

maturation. Shortly after HI, SF and/or urine is actively

produced, keeping spermatozoa concentration low.

With time, spermatozoa became damaged due to

oxidative stress, and this process is accompanied by

decrease in SF production. As a result, at completion of

the spermiation period, spermatozoa at high concentra-

tions with compromised membrane integrity are present

in the Wolffian duct.

The present study shows that sturgeon spermatozoa

maturation and time in Wolffian ducts are accompa-

nied by significant alterations in motility parameters

and in SF pro-oxidant–antioxidant balance. High

content of TBARS and activity of antioxidant

enzymes in SF from testicular sperm may indicate a

regulatory role of ROS in sturgeon sperm maturation

process. Extended time in the Wolffian duct was

associated with oxidative damage resulting from

inadequate enzymatic antioxidant system efficacy in

scavenging ROS. The obtained results may confirm a

dual role of ROS in fish sperm physiology. The data

concerning decrease in sturgeon sperm motility

parameters 60 h after induction of spermiation should

be taken into account in artificial sturgeon

propagation.
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