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Abstract The present study was to evaluate the

effects of six antioxidants on frozen-thawed sperm

motility, viability, membrane integrity and mitochon-

drial function in red seabream (Pagrus major) by

computer-assisted sperm analysis system and flow

cytometry, respectively. All the parameters tested in

this study were determined using one-way ANOVA and

identified using the SNK test (P \ 0.05). The results

demonstrated that on the first day, the highest motility

and longevity occurred in 100 mM trehalose

(78.34 ± 3.41 %, 29 ± 4.00 days) and 50 mM taurine

(77.46 ± 1.54 %, 29.33 ± 4.04 days), followed by

25 mM vitamin C (79.03 ± 5.37 %, 17 ± 1.00 days),

25 mM vitamin E (69.64 ± 1.64 %, 27.67 ±

1.53 days) and 25 mM vitamin A (78.89 ± 2.81 %,

9.33 ± 1.53 days), which were all higher than frozen-

thawed sperm without antioxidant (control)

(66.80 ± 5.55, 5.67 ± 1.15 days). Especially, the per-

centages of class A sperm with the addition of 100 mM

trehalose (40.39 ± 5.20 %) and 50 mM taurine

(37.78 ± 3.22 %) were significantly improved com-

pared to the control (19.63 ± 5.44 %). The viability of

all groups on the third and sixth day showed a similar

trend. Moreover, during the 4 �C storage process, the

decrease of frozen-thawed sperm motility was closely

associated with the decrease in membrane integrity and

mitochondrial function. In conclusion, the present study

indicated that antioxidant (100 mM trehalose and

50 mM taurine) provided the most pronounced protec-

tive effect in improving frozen-thawed quality of red

seabream sperm. The addition of antioxidant may be

capable of scavenging the ROS generated during the

cryopreservation process and 4 �C storage.
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Introduction

Cryopreservation of sperm is a useful technique for the

guarantee of a constant supply of sperm, the conser-

vation of genetic diversity and genetic improvement of

resources (Cabrita et al. 2010). Damage usually occurs
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during freezing and thawing due to the ice crystal

formation, osmotic stress, cryoprotectant toxicity and

so on (Cosson et al. 2008). Cellular damage may

greatly decrease motility, impair velocity and reduce

fertilizing capacity. Computer-assisted sperm analysis

(CASA) as well as flow cytometry has been used to

characterize different subpopulations of sperm in fish

to evaluate the sperm quality (Beirão et al. 2011; De

Baulny et al. 1997), which can provide rapid, precise

information regarding the viability of thousands of

individual sperm cell. However, the exact mechanism

of cryodamage has not yet been completely

understood.

With the rapid development of sperm cryopreser-

vation, some researches have been conducted on

antioxidant supplementation in vitro to improve

techniques for sperm storage and cryopreservation

(Bucak et al. 2007; Cabrita et al. 2011; Gadea et al.

2013; Hagedorn et al. 2012; Pena et al. 2003).

Oxidative stress is a phenomenon associated with

increased rate of oxidation of cellular components and

excessive production of ROS (Aitken et al. 1996;

Alvarez and Storey 1982). In mammalians, several

negative effects of ROS on sperm quality have been

reported (Peris et al. 2007; Saleh and Hcld 2002; Sikka

et al. 1995), such as lipid peroxidation of sperm cell

membrane, damage of membrane structure, influence

of the mitochondrial function and loss of fertilization

capacity (Shiva et al. 2011). Even some researchers

suggested that oxidative damage to mitochondrial

DNA and membrane structure might be a factor of

major importance to explain the impaired fertility and

motility of cryopreserved sperm (Fernãndez-Santos

et al. 2008; Sharma and Agarwal 1996). In marine

fishes, little is known about the protective effects of

antioxidant systems on sperm cryopreservation, while

in case of fresh water teleost sperm, oxidant and

antioxidant status of seminal plasma and sperm have

been detected (Lahnsteiner and Mansour 2010; Shal-

iutina-Kolešová et al. 2013). Studies have demon-

strated the important role of the antioxidants for

maintaining the motility and the genetic integrity of

sperm (Cabrita et al. 2011). The physiological func-

tions of seminal plasma proteins in prolongation and

stabilization of sperm viability have been investigated

in rainbow trout (Oncorhynchus mykiss) (Lahnsteiner

et al. 2004). However, dilution in the extender before

cryopreservation decreased the concentration of those

components in seminal plasma, diminishing the

antioxidant protection of sperm (Martı́nez-Páramo

et al. 2009). For brown trout sperm incubation in vitro

(Lahnsteiner et al. 2010a, b), uric acid and catalase

increased the sperm motility, sperm membrane integ-

rity and decreased the sperm lipid peroxidation in

comparison with the control. The exact mechanism of

antioxidant molecules could improve sperm quality

after thawing is not yet completely understood. The

addition of antioxidant may be capable of neutralizing

ROS and maintaining the balance of the production

and scavenging of ROS generated during the cryo-

preservation process.

A great variety of antioxidant substances, including

vitamins, enzymes, trehalose, taurine and other free

radical scavengers, have been used in sperm cryo-

preservation (Bucak et al. 2007; Hagedorn et al. 2012;

Gadea et al. 2013; Pena et al. 2003). However, the

effect of each antioxidant was species-specific (Cab-

rita et al. 2011), which depended on the type of

molecule and concentration used for each species. The

objectives of this study were to investigate the effect of

the addition of six antioxidants on frozen-thawed

sperm motility, membrane integrity and mitochon-

drial function, and to find the suitable antioxidants

to improve red seabream sperm cryopreservation

techniques.

Materials and methods

Sperm collection

Naturally mature red seabream (Pagrus major) males

were maintained from Qingdao hatchery during the

spawning season (from the end of March to the middle

of May). About 20 males (weighing 3–4 kg individ-

ually, 10 years old) were cultivated in a 20-m3

concrete rearing pond with flow-through seawater.

Prior to handling, fish were first anesthetized in a

0.003 % eugenol bath. Sperm was collected into

10-ml centrifuge tube by gently hand-stripping the

abdomen of three males. Extreme care was taken to

avoid contamination of sperm with seawater, blood,

urine and feces. Sperm was kept on crushed ice and

transported to the laboratory for further use. The male

was chosen randomly, and all the fish were healthy

enough. To avoid the quality differences among the

sperm of different batches, only the sperm with

motility [90 % was used in the experiment, and the
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motility of sperm was checked using Nikon-YS-100

light microscope (Nikon Corporation, Tokyo, Japan)

at 2009 magnification.

General procedure for sperm freezing and thawing

The general procedure for sperm freezing and thawing

was performed using the method of Liu et al. (2007).

The collected sperm (400 lL) were diluted 1:3

(sperm: extender ? cryoprotectant) (v/v) with 15 %

DMSO containing trehalose (25, 50, 100 mM), taurine

(25, 50, 100 mM), DL-cysteine (25, 50, 100 mM),

vitamin A (25, 50, 100 mM), vitamin E (25, 50,

100 mM) and vitamin C (25, 50, 100 mM). The sperm

concentration was about 1010 cells/mL. The samples

(1.6 mL) were mixed thoroughly and placed in 2 mL

cryovials. And the cryovials were transferred to a

Kryo-360-1.7 programmable freezer (Planer Plc.,

Middlesex, UK) for freezing. Sperm samples were

equilibrated at 0 �C for 5 min in the chamber of the

programmer freezer, frozen from 0 to -150 �C at a

cooling rate of 20 �C min-1 and then transferred

immediately into liquid nitrogen. The cryopreserved

sperm were thawed in a 37 �C water bath for 90–110 s

and stored at 4 �C till used. The control was defined as

the frozen-thawed sperm without antioxidant. Biolog-

ical replicates were three in each study and three males

per cryopreservation treatment. Each treatment had

three replicates.

Analysis of sperm parameters

Analysis of frozen-thawed sperm motion parameters

was determined using a computer-assisted sperm

analysis (CASA) system. The CASA-derived motility

characteristics were motile sperm (%), average path

velocity (VAP; lm/s), curvilinear velocity (VCL; lm/

s), straight line velocity (VSL; lm/s), linearity of the

curvilinear trajectory (Lin ratio of VSL/VCL, %)

(Kime et al. 2001) and longevity (d) (The longevity

was defined as the time that the inactivated frozen-

thawed sperm maintained viability in 4 �C).

Briefly, the frozen-thawed sperm was diluted and

activated in natural seawater at a ratio of 1:250, and

fresh sperm was activated at a ratio of 1:1,000. An

aliquot of activated sperm (20 lL) was placed into a

special microscopic sample chamber under a 209

negative phase-contrast objective (Nikon E200,

Tokyo, Japan); 10 s after activation, sperm motility

was analyzed with a computer-assisted sperm motion

analysis system (CASASQH-Z, Tsinghua Tongfang

Inc., Beijing, China) at room temperature (18–20 �C).

According the average path velocity (VAP), sperm

were divided into four classes, with a[100 lm/s for A

class, 50–100 lm/s for B class, 20–50 lm/s for C

class and\20 lm/s for D class. Six antioxidants were

investigated and trehalose (100 mM), and taurine

(50 mM) were used in the following study.

Fluorescent staining and flow cytometrical

analysis

The staining method used was slightly modified from

that described for trout sperm (De Baulny et al. 1997).

An aliquot of frozen-thawed sperm was incubated for

20 min (in the dark, temperature 4 �C) with 5 lg/ml of

Rhodamine 123 (Rh123, Sigma Chemical Co., St.

Louis, MO, USA). Thereafter, sperm were incubated

for 45 min. Samples were diluted (final concentration,

106 cells/mL) and counterstained with 5 lg/ml of

propidium iodide (PI, Sigma Chemical Co.). After

10 min, sperm samples were analyzed with flow

cytometry (FAC Svantage SE flow cytometer; Bec-

ton–Dickinson, Mountain View, CA, USA). Sperm

populations were identified according to their relative

red and green fluorescence (staining with PI and

Rh123, respectively). Sperm with red (stained with PI)

DNA were interpreted as having a damaged plasma

membrane, whereas those that were green (stained

with Rh123) were interpreted as having intact mito-

chondrial function. Sperm that were only red (dam-

aged plasma membrane and lacking mitochondrial

function), were localized in Region 1, whereas those

that were only green (intact membrane and functional

mitochondria), were localized in Region 3. Sperm

with both red and green fluorescence (damaged

plasma membrane and functional mitochondria) were

localized in Region 4, and those with no staining

(intact plasma membrane, but no mitochondrial

activity) were localized in Region 2.

Biochemical assays

Biochemical assays were performed immediately after

thawing. The sperm from each sample were centri-

fuged at 600g for 10 min at 4 �C, the pellet was

washed by ice-cold Hanks three times. After centri-

fugation, the pellet was incubated with 1 mL 0.2 %
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Triton X-100 for 20 min at 4 �C. The supernatant was

collected by centrifugation at 2,000g for 10 min and

kept in 4 �C until enzyme determination. Glutathione

(GSH), superoxide dismutase (SOD), catalase (CAT)

activities and malondialdehyde (MDA) level were

analyzed with a spectrophotometric method using

GSH kit, SOD kit, CAT kit and MDA kit (Nanking

Jiancheng Biological Engineering Research Institute,

China).

Statistical analysis

Statistical analysis was carried out using the software

package SPSS 19.0 for Windows (SPSS Inc., Chicago,

IL, USA), and data were expressed as mean ± SD

(P \ 0.05). Significant differences between treat-

ments for the motility, viability and longevity of the

frozen-thawed sperm were determined using one-way

ANOVA and identified using the SNK test (P \ 0.05).

Results

Physiological characteristics

The motility (87.58 ± 2.88 %) of fresh sperm was

higher than those of all frozen-thawed groups (from

3.92 ± 2.32 to 79.03 ± 5.37). On the first day,

frozen-thawed motility in the 100 mM trehalose

(78.34 ± 3.41 %) and 50 mM taurine (77.46 ±

1.54 %) was higher (P \ 0.05) than the control

(66.80 ± 5.55 %), while the vitamin A and vitamin

E groups (50, 100 mM) were lower (Fig. 1). In the

sperm viability classification analysis, the percentage

of class A sperm decreased significantly before and

after cryopreservation. The percentage of class A

sperm with the addition of 100 mM trehalose

(40.39 ± 5.20) or 50 mM taurine (37.78 ± 3.22)

improved significantly compared to the control

(19.63 ± 5.44) (P \ 0.05), which were still lower

than that of fresh sperm (53.75 ± 7.21). The CASA-

derived viability characteristics of sperm classified

according to the VAP is presented in Table 1. There

were no significant differences (P \ 0.05) among

fresh sperm, frozen-thawed sperm (trehalose 100 mM

and taurine 50 mM) and control, except for class A of

fresh group. On the third day, frozen-thawed motility

in the 100 mM trehalose group (73.17 ± 2.7 %) and

50 mM taurine (74.57 ± 0.61 %) was higher

(P \ 0.05) than those of the fresh sperm (66.31 ±

8.39 %) and control (40.19 ± 6.75 %) (Fig. 2). A

similar trend was also observed on the sixth day

(P \ 0.05) (Fig. 3). Moreover, the longevity of fresh

and frozen-thawed sperm with 100 mM trehalose

(29 ± 4 days) and 50 mM taurine (29.33 ±

4.04 days) was higher (P \ 0.05) than that of the

Fig. 1 Motility of fresh and frozen-thawed sperm on the first

day (day 1) in red seabream. Six additives (25, 50, 100 mM

trehalose, taurine, DL-cysteine, vitamin A, vitamin E, vitamin

C) were used to analyze their protective effects on frozen-

thawed sperm. The control was defined as the frozen-thawed

sperm without antioxidant. The parameters tested were deter-

mined using one-way ANOVA and identified using the SNK test

(P \ 0.05). Columns with the same letters are not significantly

different (P \ 0.05). The values were given as mean ± SD,

N = 3. Each treatment had three replicates
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control (5.67 ± 1.15 days) (Fig. 4). According to the

motility and longevity, 100 mM trehalose and 50 mM

taurine were selected and used for the following

experiments.

Analysis of frozen-thawed sperm quality by flow

cytometry

Sperm populations were divided into four distinct

regions according to their relative green and red

fluorescence after staining with PI and Rh123 as

shown in Fig. 5. At the first day, 81.63 % of the

frozen-thawed sperm had an intact membrane and

functional mitochondria (Region 3); whereas for

frozen-thawed sperm with the addition of 100 mM

trehalose and 50 mM taurine to the cryoprotectant, the

percentage of sperm had an intact membrane and

functional mitochondria was 86.18 and 84.18 %,

respectively. As time goes on, the percentages were

58.80, 76.16, 80.07 and 8.36, 76.16, 78.42 %,

Table 1 Sperm classified

according to the VAP (1st)

(A [ 100 lm/s;

100 [ B C 50 lm/s;

50 [ C C 25 lm/s,

D \ 25 lm/s, D was not

showed here)

Different letters (a, b, c) in

the same column indicate

significant differences

(P \ 0.05)

Percentage (%) VAP (lm/s) VSL (lm/s) VCL (lm/s) LIN (%)

Fresh

A 53.75 ± 7.21c 131.62 ± 9.30a 82.15 ± 10.04a 143.99 ± 9.13a 57.45 ± 3.19a

B 34.09 ± 5.79a 71.10 ± 2.69a 48.20 ± 1.79a 76.83 ± 2.92a 63.12 ± 0.62a

C 11.32 ± 9.21a 35.27 ± 2.78a 23.09 ± 4.35a 38.32 ± 3.10a 60.44 ± 9.74a

Control

A 19.63 ± 5.44a 123.75 ± 7.97a 84.77 ± 10.88a 113.49 ± 7.31a 63.73 ± 5.43a

B 30.47 ± 6.02a 66.67 ± 1.79a 48.22 ± 2.15a 71.28 ± 2.67a 67.87 ± 4.97a

C 36.43 ± 6.62c 31.79 ± 0.88a 23.21 ± 2.86a 33.93 ± 0.77a 67.21 ± .4.99a

Trehalose 100 mM

A 40.39 ± 5.20b 127.85 ± 3.36a 81.41 ± 4.84a 139.46 ± 3.02a 58.48 ± 3.31a

B 32.25 ± 8.00a 70.15 ± 40.61a 48.59 ± 3.60a 75.55 ± 5.00a 64.37 ± 1.68a

C 24.93 ± 4.68bc 33.54 ± 1.22a 25.53 ± 3.01a 35.54 ± 1.24a 72.78 ± 8.89a

Taurine 50 mM

A 37.78 ± 3.22b 126.84 ± 2.29a 79.79 ± 6.23a 138.60 ± 1.43a 58.12 ± 4.31a

B 33.43 ± 6.20a 67.41 ± 3.19a 47.01 ± 6.74a 72.52 ± 2.33a 65.01 ± 7.73a

C 24.66 ± 4.49bc 31.89 ± 0.76a 23.48 ± 1.54a 33.99 ± 0.58a 69.84 ± 2.62a

Fig. 2 Motility of fresh and frozen-thawed sperm on the third

day (day 3) in red seabream. The parameters tested were

determined using one-way ANOVA and identified using the

SNK test (P \ 0.05). The fresh and frozen-thawed sperm were

stored at 4 �C till the third day for motility analysis with CASA.

Columns with the same letters are not significantly different

(P \ 0.05). The values were given as mean ± SD, N = 3. Each

treatment had three replicates
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respectively at the third and sixth day. The percentage

of the 4 regions of the control and frozen-thawed

sperm with the addition of 100 mM trehalose and

50 mM taurine at 1, 3 and 6 days after thawing are

presented in Table 2.

Assays of antioxidant system

The effects of the six antioxidants on antioxidant

activities and lipid peroxidation in thawed red

seabream sperm are shown in Table 3. The addition

of antioxidants did not cause significant differences in

levels of SOD, CAT, GSH and MDA compared to the

control (P [ 0.05).

Discussion

Many considerable improvements have been achieved

in sperm cryopreservation during the past decades of

Fig. 3 Motility of fresh and frozen-thawed sperm on the sixth

day (day 6) in red seabream. The parameters tested were

determined using one-way ANOVA and identified using the

SNK test (P \ 0.05).The fresh and frozen-thawed sperm were

stored at 4 �C till the third day for motility analysis with CASA.

Columns with the same letters are not significantly different

(P \ 0.05). The values were given as mean ± SD, N = 3. Each

treatment had three replicates

Fig. 4 Longevity of fresh and frozen-thawed sperm in red

seabream. The longevity was defined as the time that the frozen-

thawed sperm maintained viability (motility C 95 %) in 4 �C.

The parameters tested were determined using one-way ANOVA

and identified using the SNK test (P \ 0.05). Columns with the

same letters are not significantly different (P \ 0.05). The

values were given as mean ± SD, N = 3. Each treatment had

three replicates
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research, however, cryodamages still occurred and

influenced the sperm quality during the process of

sperm freezing and thawing. In recent years, some

researchers suggested that excessive ROS production

may be a significant contributing factor of cryodamage

(Ozkavukcu et al. 2008; Zribi et al. 2010). Addition of

antioxidants, such as trehalose, taurine, vitamin A,

vitamin C, vitamin E and cysteine, effectively reduced

the cryodamage as reported in ram (Aisen et al. 2002,

Bucak et al. 2007), bull (Chen et al. 1993) and mouse

sperm (Storey et al. 1998).

In the present study, the motility of frozen-thawed

sperm of red seabream in 100 mM trehalose and

50 mM taurine groups was significantly improved

Fig. 5 Flow-cytometric dot

plots (Rh123 and PI

fluorescence) of the frozen/

thawed control (a) and

frozen-thawed sperm with

the addition of 100 mM

trehalose (b) and 50 mM

taurine (c) to the

cryoprotectant at day 6.

Region 1, sperm with a

damaged plasma membrane

and abnormal mitochondrial

function. Region 2, sperm

with an intact plasma

membrane but lacking

mitochondrial function.

Region 3, sperm with an

intact plasma membrane and

functional mitochondria.

Region 4, sperm with a

damaged plasma membrane

and functional mitochondria

Table 2 Percentage of the

4 regions of the control and

post-thaw sperm with the

addition of 100 mM

trehalose and 50 mM

taurine at day 1, day 3 and

day 6 after thawing

Post-thaw (%) Trehalose100 mM (%) Taurine 50 mM (%)

R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4

Day 1 8.52 0.36 81.63 9.48 6.78 0.23 86.18 6.80 5.10 0.07 84.18 10.65

Day 3 16.69 0.37 58.80 24.14 9.18 0.08 76.81 13.93 8.67 0.18 80.07 11.07

Day 6 33.47 0.04 8.36 58.13 13.76 0.67 76.16 9.41 9.42 0.02 78.42 12.15

Table 3 Superoxide dismutase (SOD), catalase (CAT), malondialdehyde (MDA) and reduced glutathione (GSH) levels of the

control and post-thaw sperm with the addition of 100 mM trehalose and 50 mM taurine (means % ± S.E.M.)

Control Trehalose 100 mM Taurine 50 mM

SOD (l/mgprot) 28.51 ± 1.67a 32.74 ± 1.90a 30.87. ± 2.41a

CAT (l/mgprot) 1.377 ± 0.144a 1.550 ± 0.091a 1.492 ± 0.087a

MDA (l/mgprot) 23.22 ± 1.27a 19.76 ± 1.51a 21.70 ± 2.38a

GSH (l/mgprot) 88.82 ± 5.95a 101.57 ± 7.23a 99.22 ± 6.88a

The letter (a) in the same line indicate no significant difference (P [ 0.05)
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(P \ 0.05) than that in the control. Similarly, the

supplementation of taurine or trehalose could signif-

icantly improve frozen-thawed sperm quality in Karan

fries (Chhillar et al. 2012) and murine spermatogonial

stem cells (Lee et al. 2013). Moreover, we found

sperm motility was probably antioxidant dosage

dependent, which has been demonstrated in zebrafish

(Danio rerio) (Hagedorn et al. 2012), gilthead sea-

bream and European seabass (Cabrita et al. 2011).

Meanwhile, the longevity of frozen-thawed red sea-

bream sperm in the 100 mM trehalose (29 days) and

50 mM taurine groups (29 days) was significantly

prolonged (P \ 0.05) compared to the control

(5 days). In addition, the vitamin A and vitamin E

groups (50 mM, 100 mM) did not significantly

increase the sperm motility. Consistent with our study,

Cabrita et al. (2011) observed that vitamins had no

effect on motility in gilthead seabream and European

seabass. However, vitamin E was effective in improv-

ing frozen-thawed motility of human (Askari et al.

1994) and boar sperm (Pena et al. 2003). Our results,

together with data reported by other authors, suggested

that vitamin E presented species-specific characteris-

tics, and more effective in mammals compared to fish.

This may be due to the different structural features and

internal antioxidant system.

It is known that ROS were probably responsible for

the decline in sperm quality in some species during

cryopreservation. In this study, the results from flow

cytometrical analysis presented that frozen-thawed

sperm membrane integrity and mitochondrial function

were improved by the addition of 100 mM trehalose or

50 mM taurine. It was well consistent with the results of

physiological characteristics fromCASA. Similar results

were reported that the detrimental effects of ROS were

reduced by addition of antioxidants to the extender in

alpaca, boar and canine, respectively (Acosta et al. 2013;

Pena et al. 2003; Michael et al. 2007).

The imbalance between ROS production and deg-

radation caused oxidative injury to sperm membrane

and a consequent impairment of related functional

properties (Sharma and Agarwal 1996). ROS was

believed to start the cascade of lipid peroxidation in

the sperm membrane, while membrane lipid peroxi-

dation was correlated with decreased sperm motility

and membrane damage (Storey 1997). Probably, lipid

peroxidation promoted sperm membrane alterations,

which could be avoided by using antioxidant (Peris

et al. 2007).

It was well demonstrated that antioxidant system of

sperm in some species could play an important role in

preventing oxidative damage (Bell et al. 1993). Some

authors reported that SOD, GSH and CAT played an

important role in preventing sperm lipid peroxidation of

plasma membrane (Lahnsteiner et al. 2010a, b; Shiva et al.

2011; Chitra et al. 2001; Griveau et al. 1995). However, in

the present work, SOD, CAT, GSH and MDA activity of

the frozen-thawed sperm with addition of 100 mM

trehalose or 50 mM taurine were not significantly differ-

ent from the control. Similarly, Bucak et al. (2007)

demonstrated that SOD, CAT and GSH content in ram

sperm did not change significantly between frozen-

thawed sperm with the addition of antioxidant and the

control. These results indicated that the antioxidants

provided protective effect to the frozen-thawed sperm not

by influencing the antioxidant enzymatic system, but by

directly neutralizing the excessive ROS.

In conclusion, the present study was to evaluate the

effects of antioxidants, including trehalose, taurine,

vitamin A, vitamin C, vitamin E and cysteine on the

quality of frozen-thawed sperm in red seabream. The

results indicated that some antioxidants provided

pronounced protective effect in improving frozen-

thawed sperm motility, viability, longevity, membrane

integrity and mitochondrial function during the pro-

cess of sperm cryopreservation and 4 �C storage. The

exact nature of protective effect of the antioxidants in

fish sperm is not been fully understood yet. Further

studies are required to obtain more information on the

mechanism of the antioxidant scavenging ROS and

keeping sperm normal structure and function.
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