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a b s t r a c t
Supplementation of the semen extender with antioxidants did not produce any signiﬁcant effect on CASA
and progressive motilities and sperm motility characteristics, in comparison to the control group
(P > 0.05).
For sperm acrosome and total abnormalities, TCM-199 supplemented with cysteine (2.60 ± 0.24% and
4.80 ± 0.20%), glutamine (2.80 ± 0.20% and 6.40 ± 0.40%), carnitine (2.60 ± 0.24% and 6.00 ± 0.63%) and
methionine (3.40 ± 0.51% and 9.20 ± 0.86%) at doses of 2 mM provided a better protective effect, compared to that of the controls (8.00 ± 0.44 and 15.60 ± 1.895). As regards sperm membrane integrity, supplementation with 2 mM of glutamine and methionine (56.00 ± 1.70% and 62.40 ± 1.78%, respectively)
resulted in higher rates, when compared to the control group (41.40 ± 4.74%). According to the results
of the COMET assay, only the use of TCM-199 supplemented with 2 mM of cysteine reduced DNA damage
and resulted in percentages of sperm with damaged DNA (2.17 ± 0.18%) lower than those of the control
group (3.16 ± 0.32%) (P < 0.001). For pregnancy rates, there were no signiﬁcant differences among the
extender groups (P > 0.05).
Crown Copyright Ó 2014 Published by Elsevier Inc. All rights reserved

Introduction
Damage induced by cryopreservation has been attributed to
cold shock, ice crystal formation, oxidative stress, osmotic changes
and lipid–protein reorganizations within the cell membrane
[11,55]. Oxidative damage caused by reactive oxygen species
(ROS) leads to impaired cell functions, which result in the loss of
sperm motility, morphological integrity and fertilizing capability,
and the induction of sperm apoptosis [3,26]. It is well known that
mammalian spermatozoa contain high concentrations of polyunsaturated fatty acids, and therefore, are highly vulnerable to oxidative stress, which is responsible for the generation of ROS [3,22].
The cell membrane is thought to be a primary target of freezing
or cold shock damage in cells [2,4]. The presence of high concentrations of long-chain polyunsaturated fatty acids (LC-PUFA) within
the lipid structure of cell membranes requires efﬁcient antioxidant
systems to defend against peroxidative damage and associated
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sperm dysfunction [3,5]. Spermatozoa and the seminal plasma possess an antioxidant system comprising taurine, reduced glutathione (GSH), glutathione peroxidase (GSH-Px), catalase (CAT) and
superoxide dismutase (SOD) to prevent oxidative damage. However, the antioxidant capacity of sperm cells is limited due to only
a small cytoplasmic component containing antioxidants to scavenge oxidants [48]. Thus, mammalian spermatozoa may fail in preventing lipid peroxidation (LPO) during the freeze–thawing
process [10].
Additives with antioxidative properties have been reported to
reduce the impact of ROS-induced and cold shock damages
[6,23], and thus, to improve ram [1,14], goat [16], boar [25], canine
[35] and human [5] sperm quality. Mammalian cells can utilize
only thiol compounds, such as cysteine and GSH, for intracellular
GSH biosynthesis both in vitro and in vivo, as these compounds
can easily penetrate the cell membrane. GSH protects membrane
lipids and proteins by its direct radical-scavenging properties
[34,44]. Cysteine has been shown to improve the post-thaw motility and morphology of bull [12,45], ram [53] and goat [15] sperm,
and to maintain the viability, chromatin structure and membrane
integrity of boar sperm during liquid storage at 5 °C [50].
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Additionally, it has been demonstrated to improve porcine oocyte
maturation and fertilization in vitro [31].
Amino acids (AAs) protect the membrane structure of sperm
cells during the freeze–thawing process. Some plants and animals
accumulate amino acids in response to exposure to freezing temperatures. Amongst amino acids used for the supplementation of
freezing extenders, glutamine has been reported to be used against
damage caused by freeze–thawing in the semen of several animal
species, including the Angora goat [16,19], ram [20], stallion [32]
and bull [8].
Carnitine, a vitamin-like compound, is biosynthesized from two
essential amino acids, namely, lysine and methionine, in the liver,
kidneys and brain. L-carnitine is found at high concentrations in
the mammalian epididymis and spermatozoa. It is involved in
the generation of metabolic energy by facilitating the transportation of fatty acids into the mitochondria. Epididymal cells and spermatozoa derive energy from carnitine found in the epididymal
ﬂuid [24,33]. The strong correlation between seminal carnitine
and semen quality has been demonstrated in various models
(ram, human, stallion and rat) [13,43,49].
Methionine acts as a precursor amino acid of glutathione for
protecting cells from oxidative damage, and plays a vital role in
detoxiﬁcation [40,41]. In addition, the thiol group of methionine
has been shown to chelate lead and remove it from tissues [38].
The composition of the semen extender is highly important for
semen cryopreservation. To our knowledge, the role of antioxidants added to TCM-199 against the cryodamage of bovine sperm
has not been investigated before. The novelty of this study was to
determine the effects of various antioxidants added to TCM-199,
prior to cryopreservation, on in vitro sperm parameters (motility,
acrosome and total abnormalities, membrane and DNA integrities)
and in vivo fertilizing ability for frozen-thawed bovine sperm.
Materials and methods
Chemicals
The antioxidants (cysteine, carnitine, glutamine and methionine) and other chemicals used in this study were obtained from
Sigma–Aldrich Chemical Co. (Interlab Ltd., Ankara, Turkey).
Animals and semen collection
Ejaculates from three Holstein bulls (3 and 4 years of age) were
used in the study. The bulls, belonging to the Lalahan Livestock
Central Research Institute (Ankara, Turkey), were maintained under uniform feeding and housing conditions. A total number of
36 ejaculates (12 ejaculates for each bull) were collected from
the bulls with the aid of an artiﬁcial vagina twice a week, according
to AI standard procedures. Only ejaculates containing spermatozoa
with >80% forward progressive motility and concentrations higher
than 1.0  109 spermatozoa/ml were used. Immediately after collection, the ejaculates were immersed in a warm water bath at
34 °C until their assessment in the laboratory.
Semen processing
The volume of ejaculates was measured in a conical tube graduated at 0.1 ml intervals and sperm concentration was determined
by means of an Accucell photometer (IMV, L’Aigle, France). Sperm
motility was estimated using phase-contrast microscopy (200).
The TCM-199 medium (egg yolk 15% (v/v), glycerol 6% (v/v), pH
6.8) was used as the base extender (freezing extender). Each ejaculate was split into ﬁve equal parts and diluted to a ﬁnal concentration of 60  106/ml spermatozoa with the TCM-199 base

extender containing cysteine (2 mM), carnitine (2 mM), methionine (2 mM) and glutamine (2 mM) and no additive (control).
Diluted semen samples were loaded into 0.25-ml French straws
and cooled down to 4 °C in 2 h, frozen at a programmed rate of
3 °C/min from +4 to 10 °C; 40 °C/min from 10 to 100 °C;
and 20 °C/min from 100 to 140 °C in a digital freezing machine (Digitcool 5300 ZB 250, IMV, France). Thereafter, the straws
were plunged into liquid nitrogen. After at least 24 h, the frozen
straws were thawed in a 37 °C water bath for 20 s immediately before use.
Semen evaluation
Evaluation of sperm parameters
Analysis of subjective and CASA motilities. A computer-assisted
sperm motility analysis (CASA, Version 12 IVOS, Hamilton-Thorne
Biosciences, Beverly, MA, USA) was used to analyze sperm motility
and motility characteristics. CASA was set up as follows: phase
contrast; frame rate – 60 Hz; minimum contrast – 70; low and high
static size gates – 0.6 to 4.32; low and high intensity gates – 0.20 to
1.92; low and high elongation gates 7 to 91; default cell size – 10
pixels; default cell intensity – 80. Thawed semen was diluted (5 lL
semen +95 lL extender) in a TCM-199 extender (without egg yolk
and glycerol) and evaluated immediately after dilution. A 4-lL
sample of diluted semen was put onto a pre-warmed chamber
slide (Leja 4, Leja Products, Luzernestraat B.V., Holland) and sperm
motility characteristics were determined with a 10 objective at
37 °C. The following motility values were recorded: motility (%),
progressive motility (%), total sperm motility, VAP (average path
velocity, lm/s), VSL (straight linear velocity, lm/s), VCL (curvilinear velocity, lm/s), ALH (amplitude of lateral head displacement,
lm), and LIN (linearity index, %). For each evaluation, 10 microscopic ﬁelds, including at least 300 cells, were analyzed.
Assessment of sperm abnormalities
For the assessment of sperm abnormalities, at least three drops
of each sample were added into Eppendorf tubes containing 1 ml of
Hancock solution (62.5 ml formalin (37%), 150 ml sodium saline
solution, 150 ml buffer solution and 500 ml double-distilled water)
[46]. One drop of this mixture was put onto a slide and covered
with a cover slip. The percentages of sperm acrosome and total
abnormalities were determined by counting a total of 200 spermatozoa under a phase-contrast microscope (magniﬁcation 1000, oil
immersion).
Hypo-osmotic swelling test (HOST)
The hypo-osmotic swelling test (HOST) was used to evaluate
the functional integrity of the sperm membrane, based on curled
and swollen tails. This was performed by incubating 30 ll of semen
with 300 ll of a 100 mOsm hypo-osmotic solution (9 g fructose
+4.9 g sodium citrate per liter of distilled water) at 37 °C for
60 min. After incubation, 0.2 ml of the mixture was spread with a
cover slip on a warm slide. Two hundred sperm were evaluated
(magniﬁcation 1000) with bright-ﬁeld microscopy. Sperm with
swollen or coiled tails were recorded [21,42].
Fertility trials
The fertilizing ability of spermatozoa was calculated based on
the non-return rates at 59 days. A total of 230 cows were artiﬁcially inseminated with frozen antioxidant-supplemented samples
and control samples, each comprising the semen of one bull. The
effective non-return rates (NNR) were determined at 59 days
post-insemination by palpation per rectum.
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Table 1
Mean (±SE) sperm motilities in semen supplemented with different antioxidants of
Holstein bovine semen following freeze–thawing.
Groups

Progressive motility (%)

CASA motility (%)

Cysteine 2 mM
Glutamine 2 mM
Carnitine 2 mM
Methionine 2 mM
Control
P

9.43 ± 1.63
7.71 ± 1.43
9.40 ± 1.63
6.50 ± 1.61
10.43 ± 2.09
–

39.25 ± 5.63
26.80 ± 1.16
28.80 ± 6.22
23.25 ± 3.28
27.67 ± 2.49
–

The images of 50 randomly chosen nuclei were analyzed by
CASP. Observations were made at a magniﬁcation of 400 using
a ﬂuorescent microscope (Olympus, BX51, Japan). Damage was detected by a tail of fragmented DNA that migrated from the sperm
head, causing a ‘comet’ pattern, whereas whole sperm heads, without a comet, were not considered to be damaged.
Statistical analysis

–: The same column shows no signiﬁcant differences among proportions (P > 0.05).

Assessment of sperm DNA damage
Diluted semen samples were centrifuged at 300g for 10 min at
4 °C. The seminal plasma was discarded and the remaining sperm
cells were washed with (Ca2+ and Mg2+ free) PBS to yield a concentration of 1  105 spermatozoa/cm3 [9].
Sperm DNA damage was investigated using the single cell gel
electrophoresis (COMET) assay, which is generally performed at
high alkaline conditions. Firstly, each microscope slide was precoated with a layer of 1% normal melting point agarose in PBS
and dried at room temperature. Next, 100 ll of 0.7% low melting
point agarose at 37 °C was mixed with 10 ll of the cell suspension
and poured on top of the ﬁrst layer. The slides were allowed to
solidify for 5 min at 4 °C in a moist box. The cover slips were
removed and the slides were immersed in a freshly prepared cold
lysis buffer containing 2.5 M NaCl, 100 mM Na2–EDTA, 10 mM
Tris, 1% Triton X-100, 10% DMSO and 40 mM dithiothreitol (pH
10) for 1 h at 4 °C. Subsequently, the slides were incubated overnight at 37 °C in 100 lg/ml proteinase K (Sigma) and placed into
lysis buffer. The slides were removed from the lysis buffer, drained
and placed in a horizontal electrophoresis unit ﬁlled with a fresh
alkaline electrophoresis solution, containing 300 mM NaOH and
1 mM EDTA, (pH 13), for 20 min to allow the DNA to unwind. Electrophoresis was performed for 20 min at 8 °C at 12 V and was adjusted to 250 mA. Next, the slides were washed with a neutralizing
solution of 0.4 M Tris, pH (7.5), in order to remove the alkali and
detergents. After neutralization, the slides were stained with
50 ll of 2 ll/ml ethidium bromide and covered with a cover slip.
All steps were performed under dim light to prevent further DNA
damage [29,47].

Results were expressed as mean ± SEM. Sperm motility, motility
characteristics, abnormalities and biochemical data were analyzed
by analysis of variance, followed by Tukey’s post hoc test to determine signiﬁcant differences between the groups. The groups were
compared for DNA damage, using analysis of variance and Tamhane’s T2 multiple range test as a post hoc test. The groups were also
compared for pregnancy rate, using Pearson’s chi-square test. Differences with values of P < 0.05 were considered to be statistically
signiﬁcant. Statistical analyses were performed using the SPSS 11.5
package program.
Results
Supplementation of the semen extender with antioxidants did
not produce any signiﬁcant effect on CASA and progressive motilities and sperm motility characteristics, in comparison to the control group (Tables 1 and 2, P > 0.05).
The supplementation of TCM-199 with cysteine (2.60 ± 0.24%
and 4.80 ± 0.20%), glutamine (2.80 ± 0.20% and 6.40 ± 0.40%), carnitine (2.60 ± 0.24% and 6.00 ± 0.63%) and methionine (3.40 ± 0.51%
and 9.20 ± 0.86%) at doses of 2 mM provided a better protective
effect against sperm acrosome and total abnormalities, compared
to the controls (8.00 ± 0.44 and 15.60 ± 1.895). As regards sperm
membrane integrity, supplementation with 2 mM of glutamine
and methionine (56.00 ± 1.70% and 62.40 ± 1.78%, respectively)
resulted in higher integrity rates, when compared to those of the
control group (41.40 ± 4.74%). According to the results of the COMET assay, only the use of TCM-199 supplemented with 2 mM of
cysteine reduced DNA damage and resulted in a rate of sperm with
damaged DNA (2.17 ± 0.18%) lower than that of the control group
(3.16 ± 0.32%) (Table 3, P < 0.001). For pregnancy rates, there were
no signiﬁcant differences between the extender groups (Table 4,
P > 0.05).

Table 2
Mean (±SE) sperm motion characteristics in semen supplemented with different antioxidants of Holstein bovine semen following freeze–thawing.
Groups

VAP (mm/s)

VSL (mm/s)

VCL (mm/s)

ALH (mm)

LIN (%)

Cysteine 2 mM
Glutamine 2 mM
Carnitine 2 mM
Methionine 2 mM
Control
P

100.47 ± 5.81
90.39 ± 3.82
97.16 ± 3.08
97.40 ± 4.18
100.83 ± 4.62
–

90.30 ± 5.07
83.74 ± 3.90
89.68 ± 2.58
89.72 ± 3.69
93.09 ± 4.89
–

153.40 ± 11.66
131.93 ± 7.90
135.24 ± 7.69
145.30 ± 8.16
144.53 ± 8.36
–

5.21 ± 0.45
4.56 ± 0.42
4.16 ± 0.31
5.02 ± 0.35
4.50 ± 0.26
–

63.14 ± 2.12
70.43 ± 4.44
68.80 ± 1.93
63.33 ± 1.50
65.71 ± 1.30
–

–: The same column shows no signiﬁcant differences among proportions (P > 0.05).

Table 3
Mean (±SE) sperm abnormalities. Membrane integrity and DNA damage in semen supplemented with different antioxidants of Holstein bovine semen following freeze–thawing.

a–c

Groups

Acrosomal abnormality (%)

Total abnormality (%)

Membrane integrity (%)

Damaged DNA (%)

Cysteine 2 mM
Glutamine 2 mM
Carnitine 2 mM
Methionine 2 mM
Control
P

2.60 ± 0.24b
2.80 ± 0.20b
2.60 ± 0.24b
3.40 ± 0.51b
8.00 ± 0.44a

4.80 ± 0.20c
6.40 ± 0.40bc
6.00 ± 0.63c
9.20 ± 0.86b
15.60 ± 1.89a

49.40 ± 3.06bc
56.00 ± 1.70ab
42.60 ± 2.94c
62.40 ± 1.78a
41.40 ± 4.74c

2.17 ± 0.18b
3.49 ± 0.22a
3.29 ± 0.30ac
2.38 ± 0.22bc
3.16 ± 0.32ac

⁄⁄

⁄⁄

⁄⁄

⁄⁄

Different superscripts within the same column demonstrate signiﬁcant differences (⁄⁄P < 0.001).
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Table 4
Fertility results based on pregnancy rates after rectovaginal insemination with frozen–thawed bovine semen.
Groups

Pregnancy rate (%)

Cysteine 2 mM
Glutamine 2 mM
Carnitine 2 mM
Methionine 2 mM
Control
P

45.2(19/42)
50(24/48)
49.6(23/49)
55.6(25/45
47.8(22/46)
–

–: The same column shows no signiﬁcant differences
among proportions (P > 0.05).

were contrary to those reported in a previous research on bovine
sperm [17], in which the maintenance of DNA integrity was
recorded.
With respect to the fertility results based on pregnancy rates,
antioxidants do not seem to be an inﬂuential factor on the fertilizing
ability of sperm following the freeze–thawing process. This result
complies with previous studies reporting no improvement in fertility with the supplementation of the freezing extender [17,45,51].
In conclusion, it seems that, antioxidants improved post-thaw
sperm acrosome damage and abnormalities. Furthermore, cysteine
supplementation provided a better DNA integrity compared to the
controls, following freeze–thawing. In view of the data presented,
further insight is needed into the effects of different antioxidant
doses for obtaining high fertility.

Discussion
Sperm motility per se is crucial in facilitating the passage of
sperm through the cervix and uterotubal junction. It is also important for the actual penetration of the cumulus cells and zona pellucida of the ovum [27]. For the antioxidants used in the present
study, the ﬁndings obtained were in agreement with the results
of a study performed by Bucak et al. [17] in cattle, which reported
no signiﬁcant improvement in motility characteristics, and CASA
and progressive motilities of bovine sperm.
Motility analysis did not provide enough data for the evaluation
of sperm quality after freeze–thawing. Sperm morphology has
major importance for fertilizing capacity and the assessment of
membrane functions. Highly motile spermatozoa may have damaged structure and function. On the other hand, non-motile cells
may have an intact plasmalemma and acrosome and morphology
integrity [53,54]. The acrosome contains enzymes required for the
penetration of the spermatozoon through the ovum layers and zona
pellucida during fertilization [27]. In the present study, total and
acrosome abnormalities were observed to have decreased in the
presence of antioxidants in the TCM extender. These results are in
agreement with those reported by some researchers, suggesting
that antioxidants improve the sperm total abnormalities for bovine
[17] and the sperm acrosome and total abnormalities for goat [18]
against cryodamage. Antioxidants protects membrane lipids and
proteins by its direct radical-scavenging properties [34] and plays
a vital role in detoxiﬁcation [40], improving the sperm quality.
The sperm plasma membrane is rich in polyunsatured fatty
acids, and is therefore, susceptible to peroxidative damage with
consequent loss of membrane integrity, decreased sperm motility,
and eventually loss in fertility [6,7,28]. Long-term sperm storage
leads to membrane deterioration due to membrane phase transitions occurring in the regions of the highly regionalized sperm
plasma membrane. This study was undertaken to ascertain which
agents and antioxidants, would provide the most effective protection against membrane damage during the freeze–thawing process. The HOST test assessed the resistance of the sperm plasma
membrane to damage induced by the loss of permeability under
the stress of swelling driven by hypo-osmotic treatment. Thus, it
provided a form of a membrane stress-test, which is particularly
useful in testing the membrane-stabilizing action of antioxidants.
The results presented clearly show that glutamine and methionine
provided the strongest protective effect against cryodamage.
The COMET assay is a widely applied technique for measuring
and analyzing DNA breakage in individual cells [37]. It has also
been proven as a valid technique to evaluate whether antioxidants
are able to maintain genetic material integrity in biological studies
[30,36,51]. In addition to this, some authors suggest that sperm
DNA integrity is a more objective marker of sperm function as
opposed to sperm parameters such as motility [39,52]. In this
study, the antioxidants carnitine and methionine could not maintain DNA integrity, compared to the control group. These results
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