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Abstract

The cold storage of milt implies potentials alterations in its quality because the storage generates as main process,
free radicals that produce spermatozoa membrane lipids damage with the consequent motility and fertilising
capacity disruptions. To decrease the damage generated by free radicals the cells have antioxidant defences
(proteins, enzymes, and low molecular weight substances). The objective of the present study evaluated the
time storage effect and different antioxidants prepared in spermatic diluents on sperm viability of O. mykiss
milt stored at 4°C. The two-way ANOVA denoted that the time storage and antioxidant influence have significant
effects separated or combined on viability parameters (sperm motility and viability, proteins concentrations
and superoxide dismutase enzymatic activity in seminal plasma). In contrast, only the storage time affected the
fertilising capacity and catalase enzymatic activity in seminal plasma. The resulting analysis can conclude that
the antioxidant presence improves the viability of cold stored milt, especially the transport conditions and the
antioxidants allow the fecundity despite motility decrease.
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Resumo

0 armazenamento a frio de leite implica potenciais alteragdes em sua qualidade, pois gera como processo principal
radicais livres que provocam danos aos lipidios da membrana dos espermatozoides, com as consequentes alteragdes
na motilidade e na capacidade de fertilizacdo. Para diminuir os danos causados pelos radicais livres, as células
tém defesas antioxidantes (proteinas, enzimas e substancias de baixo peso molecular). O presente estudo avaliou
o efeito do tempo de armazenamento e diferentes antioxidantes preparados em diluentes espermaticos no
armazenamento de viabilidade de O. mykiss milt a 4°C. A ANOVA de duas vias denotou que o armazenamento
no tempo e a influéncia antioxidante tém efeitos significativos separados ou combinados nos parametros de
viabilidade (motilidade espermatica, viabilidade espermatica, concentragdes de proteinas e atividade enzimatica
da superéxido dismutase no plasma seminal), enquanto apenas o tempo de armazenamento afetou a capacidade
de fertilizacdo e atividade enzimatica da catalase no plasma seminal. A andlise resultante pode concluir que
a presenca de antioxidante melhora a viabilidade do leite frio, especialmente as condi¢6es de transporte, e 0s
antioxidantes permitem a fecundidade apesar da diminui¢do da motilidade.

Palavras-chave: anion superéxido, antioxidantes, catalase, superéxido dismutase, truta arco-iris.

1. Introduction

The cellular damage generated during the cold storage ~ 2020). Successful storage of semen from salmonids depends

and the cryopreservation in spermatozoa of freshwater
fish has been reported in several studies since it has been
directly correlated with low fecundation rates (Merino et al.

on numerous factors, including temperature, fluid volume
and gaseous environment. The most widely used method is
to conserve them in an atmosphere of 100% oxygen and at
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low temperatures (Contreras et al. 2019). Storage conditions
must ensure the protection of motility, fertilising capacity
and maintenance of metabolism to preserve viability and
energy sources for sperm activation (Merino et al. 2020).
The storage process and cellular metabolism produce free
radicals, which cause the oxidation of polyunsaturated fatty
acids in the cell membrane and fragmentation of sperm
DNA, a process poorly studied in fish (Figueroa et al. 2013).

Free radicals are molecules that have one or more
unpaired electrons in their outer orbit (Cérdova et al.
2009; Sandoval-Vargas et al. 2020). They are very reactive
and unstable and among the reactive oxygen species
(ROS), including superoxide anion (0,"), hydroxyl (OH")
and hydrogen peroxide (H,0,) (Martinez-Alvarez et al.
2005; Sandoval-Vargas et al. 2020). ROS play an essential
role in normal sperm physiology (Baker & Aitken, 2004).
The presence of leukocytes in the semen or of abnormal
spermatozoa with excessive residual cytoplasm produce
high levels of ROS in mammals and fish (Lahnsteiner et al.
2010). The spermatozoa are especially susceptible to
peroxidative damage since almost all their cytoplasm is
removed during the final stages of spermiogenesis, lacking
enzymes that protect against the damage induced by ROS
(Lahnsteiner et al. 2010). It generates a reduction in sperm
motility and viability (Membrillo et al. 2003). Sperm
motility is a crucial prerequisite in determining the quality
and fertilizing capacity of spermatozoa (Cosson, 2008).

Compounds that inhibit the excessive production of free
radicals or their reactions with biological structures are
called antioxidants (Niki, 2010). Aerobic organisms have
developed a defensive antioxidant system, which includes
molecular and enzymatic defences (Wilhelm Filho, 2007).
Among the antioxidant enzymes are superoxide dismutase,
catalase, glutathione peroxidase and glutathione reductase
(Ritola et al. 2002). The other group is represented by free
radical scavenging antioxidant compounds, which are low
molecular weight (Lahnsteiner et al. 2010) and can be
fat-soluble (antioxidants bound to the cell membrane such
as tocopherol or ubiquinol/ubiquinone) or water-soluble
(extracellular ascorbate and intracellular glutathione)
(Halliwell & Chirico, 1993). Ciereszko & Dabrowski (1995),
highlight the importance of ascorbic acid as a seminal
plasma antioxidant of Oncorhynchus mykiss because its
concentration is higher in this than in blood plasma. The
proteins present in the seminal plasma would also have an
antioxidant role and would be involved in the protection
of the integrity of the sperm membrane (lipoproteins) and
in the control of proteinases of the reproductive tract or
sperm (Ciereszko et al. 2000).

Invitro tests have been carried out with compounds that
have antioxidant properties, such as phenols, Trolox C or
ascorbic acid (Lahnsteiner et al. 2011; Ubilla & Valdebenito,
2011; Faridullah et al. 2015). Phenols have a strong
antioxidant action in vitro and inhibit lipoperoxidation
by capturing the peroxyl radical (ROO-). An example of
this is the use of extracts rich in phenols used to preserve
and prolong the shelf life of products made from meats
and fish (Tuckey, 2008). The best known are the phenols
of red wine [flavonoids (anthocyanins, catechins) and
non-flavonoids (stilbenes)] (Fauconneau et al. 1997). Among
the stilbenes, resveratrol is one of the best known and is an

2/13

effective collector of hydroxyl radicals (OH-) and superoxide
anion (Patel and Shah, 2010). In addition to its ability to
chelate copper and iron that induce lipoperoxidation
(Belguendouz et al. 1998).

Trolox C (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) is a water-soluble analogue of a-tocopherol
and is used as a standard in kinetic studies of many
commercial antioxidants (Davies et al. 1988). Ciereszko
& Dabrowski (2000), showed that the in vitro addition of
ascorbic acid to trout semen does not protect spermatozoa
from damage induced by UV radiation, which generates
abnormal embryos.

Primates and teleost fishes cannot synthesise vitamin
Cbecause they lost the liver enzyme L-glucono-y-lactone
oxidase during the evolution (Canyurt & Akhan, 2008a).
This fact could explain why the dietary incorporation of
vitamin C is more effective, versus its use in vitro. Canyurt &
Akhan (2008b), confirmed that dietary vitamin E positively
affected the quality of sperm regarding concentration,
motility and spermatocrit. Blount et al. (2001), observed
that dietary supplementation with vitamins C and E
increases the concentration of these antioxidants in semen,
reducing their susceptibility to peroxidation and increases
the polyunsaturation of the phospholipids of sperm. Similar
effects were observed in the semen of Perca flavescens and
Chanos chanos (Ciereszko, 2008).

In the present work, the effect of antioxidants (wine
polyphenols, Trolox C and L-ascorbic acid), incorporated
in sperm diluent (StopMilt) and cold storage over time, on
viability indicators (sperm motility and viability, fertilising
capacity, protein concentration, the enzymatic activity of
catalase and superoxide dismutase in seminal plasma) was
evaluated in semen of rainbow trout (Oncorhynchus mykiss).

2. Material and Methods

Experimental design: We worked with specimens of
rainbow trout grown in the company Hendrix Genetics
Aquaculture S.A. (33° 23'32"S and 71°40’47"W), in the South
of Chile, which matured through artificial photoperiod. The
gametes were collected by abdominal massage in January
from fourth spawning females and second spawning males.

The semen of four males with motility level 5 according
to the scale of Sanchez-Rodriguez & Billard (1977), was
collected. It was mixed to form a pool that was divided into
five treatments: Undiluted semen (T,); semen diluted in
sperm diluent, mark StopMilt (1:2) (T,); semen diluted in
StopMilt (1:2) plus antioxidants [Grape polyphenols (50%)
(Img/mL) (T,); Trolox C (4uM) (T,); L- ascorbic acid (1uM)
(T,)]. Each treatment was stored for 11 days. The evaluations
were repeated every three days after the initial sampling.
Each day of sampling a pool of fresh semen undiluted as
control (C) was also evaluated. The storage was carried
out at 4°C in disposable plastic containers with a lid of
200 mL capacity and maintained in the absence of light,
shaken continuously in a shaker, with daily oxygenation.

The storage of the treatments and the evaluations of the
viability parameters were carried out in the Reproduction
Laboratory (Catholic University of Temuco). The processes
of fecundation and incubation were carried out in Hendrix
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Genetics Aquaculture fish farming, so the semen of each
treatment should be transferred between these facilities,
in expanded polystyrene boxes, at 4°C and in the absence
of light and with oxygen supplementation.

Evaluation of the duration and level of motility: To an
aliquot of 1 puL of semen was placed on a slide and to
activate motility 10 pL of sperm activator (PowerMilt),
evaluating immediately the duration of motility with a
chronometer until 50% of the sperm of the visual field
was without motility. The measurement was 20 times
repeated. The evaluation was performed “blindly” on a
Nikon optical microscope model Eclipse E400, using a
total magnification of 400X. The level of motility was
evaluated in each treatment (10X), for which used the
scale proposed by Sanchez-Rodriguez & Billard (1977),
which uses a range of values of 0 for the null flagellar
activity and 5 for the maximum activity observed in all
the spermatozoa of the visual field.

Fecundation rate: The eggs of four females, of good
quality according to morphological parameters described
by Valdebenito et al. (2013), were mixed to form a pool.
Fecundation was carried out in plastic containers. For
each treatment, were used five replicas with a minimum
of 150 eggs each. 10 mL of PowerMilt plus 10 pL of semen
was added to each replica for the replicas of the undiluted
treatment and the control, while 200 pL of semen was
used for the replicas of the remaining treatments. After
5 minutes, the fertilised eggs were washed several times
with water to remove semen. The replicas were placed in
coded micro-incubators in open flow systems at a constant
temperature of 8°C.

Fecundation rates were calculated with ova of
140 accumulated thermal units (ATU) using a 10% acetic
acid solution, introducing a random sample of 30 oocytes
for 10 minutes for each replicate. All those in which the
neural tube was observed, were considered fertilised
(Valdebenito et al. 2010).

Determination superoxide anion (0, ) intracellular: This
was established through the technique proposed by De
[uliis et al. (2006) modified, which detects the production of
superoxide anion (0,") intracellular, through the fluorescent
dye dihydroethidium (DHE) which has the peculiarity of
accepting superoxide radicals (0,’), transforming into
2-hydroxyethyl (20HEt*), which generates a red nuclear
fluorescence. SYTOX Green, a fluorescent stain (green
colour), was incorporated to identify the sperm that did
not produce O,

For the test, DHE and SYTOX Green were diluted in
StopMilt to added to aliquots of semen from the different
treatments in a final volume of 200 pL in concentrations
of 2.0 and 0.5 pM, respectively. In the case of the undiluted
treatment and control, aliquots of 5 pL of semen and 50 pL
were used for the remaining treatments.

The cells were incubated in the dark for 15 minutes at
4°C. Then, in a Nikon brand Eclipse 80i epifluorescence
microscope, microphotographs were captured with a
Nikon camera model DS-U2, which were analysed with
the NIS-Elements AR software.

Determination of proteins and enzymatic activity
in seminal plasma: Semen samples from the different
treatments were placed in a Thermo Scientific model SLA0R
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centrifuge at 15,000 rpm for 15 min at 4°C, to separate
the seminal plasma from the sperm.

The supernatant was subjected to the following tests:
Quantification of proteins in the seminal plasma according
to Bradford (1976); determination of the enzymatic
activity of catalase (H,0, oxide reductase) and superoxide
dismutase (SOD) by use of pyrogallol established by
Boehringer-Mannheim (1987a,b).

Spermatocrit: Five samples were taken from the initial
semen pool, which were arranged in 5 microcapillaries
(ca.90%) and then sealed with plasticine, to determine the
percentage volume of spermatozoa present. These were
centrifuged at 10,000 rpm for 10 min at room temperature,
similar to the technique described by Valdebenito et al.
(1995).

Statistic analysis: The data were presented as
averages * standard error. The mode was used to establish
the motility level of the semen. For the analysis of the
remaining parameters, two-way variance analysis was
applied for non-parametric data and the Bonferroni
multiple comparisons post-test to identify significant
differences in treatments. A value of p <0.05 was set.
These statistical analyses were carried out with the Prism
program, version 5.0 (Graph Pad Software).

3. Results

Sperm motility and spermatocrit: On day 1, T,, T, and
T, recorded the highest motility times (90.68+0.29 s,
91.01+0.26 s and 90.84+0.36 s respectively) and did not
show significant differences between them (p <0.05)
(Supplementary Material, Table S1 supplementary
material). T, obtained the highest time significantly
(83.41+0.23 s), on day 4 (p <0.05). No treatment presented
flagellar activity on days 8 and 11 (Figure 1). Regarding the
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Figure 1. Temporal variation of sperm motility (s) evaluated
in rainbow trout (0. mykiss) semen stored at 4°C in different
treatments and activated with PowerMilt. T,: undiluted semen,
T,: semen diluted in StopMilt sperm diluent (1:2), and semen diluted
in StopMilt (1:2) plus antioxidants [T,: Grape polyphenols (50%)
(Img/mL); T,: Trolox C (4uM); T,: L- ascorbic acid (1uM)]. C: Pool of
fresh semen undiluted as control. Average values + standard error.
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level of motility, on day 1, all treatments presented level 5,
while onday 4, T, presented level 3 and for the remaining
treatments, the level was 4. No treatment presented
response on days 8 and 11. The average spermatocrit
obtained at the beginning of the experiment was 26.3+1.3%.
The result of the two-way analysis of variance indicates
that both storage time and treatments have a significant
effect, either combined or separately on sperm motility
(p <0.05).

Fecundation rate: On day 1 and day 4, the treatments
did not show significant differences (p <0.05) (Table S2
supplementary material). On day 8, the highest value was
significantly T, (65.19£12.97%) (p <0.05). On day 11, the
treatments did not show fertilising capacity (Figure 2).
The result of the two-way analysis of variance indicates
that only the storage time has a significant effect on the
fertilising capacity (p <0.05).

Determination of superoxide anion (0,’) intracellular: On
day 1, the treatments did not show significant differences
(p>0.05) (Table S3 supplementary material). T, had the
percentages significantly higher on the remaining days
(90.1240,85% on day 4, 87.48+6.54% on day 8 and 3.68+1.62%
on day 11) (p<0.05) (Figure 3). The result of the two-way
analysis of variance indicates that both storage time and
treatments have a significant effect, either combined or
separately on sperm viability (p<0.05).

The concentration of proteins in seminal plasma: T, T,,
T, and T, did not present significant differences between
them on days 1 and 4 (p <0.05) (Table S4 supplementary
material). On day 8, T, and T, exhibited the highest
values, showing no significant differences between them
(21.52+1.18 mg/mL and 22.60+0.10 mg/mL respectively)
(p<0.05). On day 11, T, and T, showed the highest values,
showing no significant differences between them
(19.80£0.11 mg/mL and 18.31+£0.03 mg/mL respectively)
(p<0.05) (Figure 4). The result of the two-way analysis
of variance indicates that both the storage time and the
treatments have a significant effect, either combined or
separately on the concentration of proteins in the seminal
plasma (p<0.05).

Enzymatic activity of superoxide dismutase (SOD) in
seminal plasma: The average enzymatic activity of SOD
evaluated in the seminal plasma of the semen stored in
the different treatments are shown in Figure 5. On days
1 and 4, the highest activity values were presented by
T,, T,, T, and T,, without significant differences between
them (p<0.05) (Table S5 supplementary material). On day
8 and 11, the significantly higher values were recorded by
T,(67.69+0.01 U*mL"*min' and 59.53+0.58 U*mL"*min!
respectively) (p<0.05). The result of the two-way analysis
of variance indicates that both the storage time and the
treatments have a significant effect, either combined or
separately on the enzymatic activity of SOD in the seminal
plasma (p<0.05).

Enzymatic activity of catalase in seminal plasma: On day
4, only T, recorded significantly lower activity than the
rest of the treatments (2.34+0.14 U*mL"*min') (p<0.05).
In the case of days 1, 8 and 11, the treatments did not show
significant differences between them (p<0.05) (Figure 6).
The result of the two-way analysis of variance indicates
that only the storage time has a significant effect on the
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Figure 2. Temporal variation of the fecundation rate (%) evaluated
ondays 1,4, 8, 11 in rainbow trout (0. mykiss) semen stored at 4°C
in different treatments and activated with PowerMilt. T,: undiluted
semen, T,: semen diluted in StopMilt sperm diluent (1:2), and
semen diluted in StopMilt (1:2) plus antioxidants [T,: Grape
polyphenols (50%) (1mg/mL); T,: Trolox C (4uM); T,: L- ascorbic
acid (1pM)]. C: Pool of fresh semen undiluted as control. Average
values * standard error.
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Figure 3. Temporal variation of superoxide anion producing
sperm (%) evaluated on days 1, 4, 8, 11 in rainbow trout (0. mykiss)
semen stored at 4°Cin different treatments. T,: undiluted semen,
T,: semen diluted in StopMilt sperm diluent (1:2), and semen diluted
in StopMilt (1:2) plus antioxidants [T,: Grape polyphenols (50%)
(Img/mL); T,: Trolox C(4uM); T,: L- ascorbic acid (1uM)]. C: Pool of
fresh semen undiluted as control. Average values + standard error.

enzymatic activity of catalase in the seminal plasma
(p <0.05) (Table S6 supplementary material).

4. Discussion

Sperm motility and spermatocrit: The duration of sperm
motility of the treatments for day 1 ranged between
91.01 £ 0.26 s for T, and 70.65 + 0.32 s for T, and C. This
agrees with the values found by Berrios et al. (2010)
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Figure 4. Temporal variation of protein concentration (mg/mL)
evaluated in seminal plasma of rainbow trout (0. mykiss) stored at
4°Cindifferent treatments. T,: undiluted semen, T,: semen diluted
in StopMilt sperm diluent (1:2), and semen diluted in StopMilt
(1:2) plus antioxidants [T,: Grape polyphenols (50%) (1mg/mL);
T,: Trolox C (4uM); T,: L- ascorbic acid (1uM)]. C: Pool of fresh
semen undiluted as control. Average values + standard error.
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Figure 5. Temporal variation of the enzymatic activity of superoxide
dismutase (SOD) (U*mL"*min) evaluated in seminal plasma of
rainbow trout (0. mykiss) stored at 4°C in different treatments.
T,: undiluted semen, T,: semen diluted in StopMilt sperm diluent
(1:2), and semen diluted in StopMilt (1:2) plus antioxidants
[T,: Grape polyphenols (50%) (1mg/mL); T,: Trolox C (4uM);
T,: L- ascorbic acid (1uM)]. C: Pool of fresh semen undiluted as
control. Average values + standard error.

for this day (1.7 £ 0.2 min) in 0. mykiss, although they
did not supplement their diluent with antioxidants.
However, these values differ from those found by Ubilla
& Valdebenito (2011) in O. mykiss, because for day 2 they
recorded times that varied between 37.07 + 0.24 s for the
treatment supplemented with Trolox and 34.04 + 0.35 s for
the treatment supplemented with Trolox and polyphenol,
while in this study on day 4, the motility values ranged
between 83.41 + 0.23 s for T, and 64.37 £ 0.23 s for T3.
These discrepancies are due to the method used (optical
microscopy) because although it has advantages such as its
simplicity and speed of execution, it has the disadvantage
that it depends on the subjectivity of the observer (Varner,
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Figure 6. Temporal variation of the enzymatic activity of catalase
(U*mL"min') evaluated in seminal plasma of rainbow trout
(0. mykiss) stored at 4 ° C in different treatments. T,: undiluted
semen, T,: semen diluted in StopMilt sperm diluent (1:2), and
semen diluted in StopMilt (1:2) plus antioxidants [T,: Grape
polyphenols (50%) (1mg/mL); T,: Trolox C (4uM); T,: L- ascorbic
acid (1uM)]. C: Pool of fresh semen undiluted as control. Average
values * standard error.

2008). Finally, the treatments did not show flagellar
activity on days 8 and 11. Taking into account the time
elapsed before motility was affected, this would not be
negatively influenced by intracellular O, as explained
by Berrios et al. (2010). They found no evidence that
this radical affected the motility, integrity of the plasma
membrane or mitochondrial membrane potential (AYM),
the first seven days of storage, which coincided with the
collapse of motility on the day 8 (Figure 1). The damage
would be due to external factors not evaluated (presence
of leukocytes, abnormal sperm, contamination by urine
or microorganisms) (Dreanno et al. 1998; Ochsendorf,
1999; Berrios et al. 2010; Sandoval-Vargas et al. 2020).
Another factor that could have influenced the loss of
motility, after day 7, was the mechanical stress generated
by the transport to which the treatments were subjected
on sampling days, even though they were transported
recreating laboratory conditions (at 4°C, in darkness and
with oxygen supplementation). Ubilla & Valdebenito (2011),
found that supplementation of sperm diluent with vitamin
C, Trolox and polyphenol, used in O. mykiss, preserved
sperm motility, improved sperm fertilising capacity and
increased storage times of sperm (up to 17 days). Although
in this work, also the diluent was supplemented with the
same antioxidants, these were not able to preserve the
motility under the conditions described above.

The average spermatocrit obtained at the beginning
of the experiment was 26.3 + 1.3%, a value registered
almost at the end of the spawning season (first week of
January). Sanchez-Rodriguez et al. (1978), found that the
spermatocrit in O. mykiss did not vary significantly during
the spawning season, ranging from 28.3% at the beginning
to 25.4% at the end. Piironen (1985), found similar values
in Salmo salar for spermatocrit, since it varied from 12-13%
during the first third of the spawning period, reaching a
maximum value of 27% at the end of the season.
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Another factor to take into account is the influence of the
term of the season on semen quality. Donaldson et al. (2000)
reported that semen quality declines with the end of the
spawning season for O. mykiss. Ciereszko (2008), reported
the decrease in the concentration of sodium, potassium
and chloride in the seminal plasma of O. mykiss, during
the reproductive season, which would be correlated with
a poor spermyield at the end of it. Dabrowski & Ciereszko
(2001), found that the concentration of ascorbate in the
seminal plasma of fish is directly affected by dietary
vitamin C supplementation and also by the season. As
concentrations of ascorbate decline just at the end of the
season, since testes atrophy, cells age and apoptosis take
place and in O. mykiss, the deficiency of this, significantly
reduces the concentration of sperm, the total production
of sperm throughout the season and sperm motility
(Dabrowski & Ciereszko, 2001).

Fecundation rate: The fertility percentage obtained in the
present study (Figure 2) would be similar with literature
reports, such as Hoysak & Liley (2000), who reported
that in vitro methods for measuring sperm motility may
not reflect what occurs in the presence of oocytes and
ovarian fluid. Wojtczak et al. (2007), attributed this to
the potential modulating effects of ovarian fluid because
when it has a low pH, it is the factor that most negatively
influences fecundation.

Several factors determine fertilising success, such as
the size of the sperm (Tuset et al. 2008), the content of
sodium and calcium in the seminal plasma and its volume
(Dziewulska et al. 2008). In fact, the average volume of
the seminal plasma at the beginning of the experiment
was 73.7 + 0.9%, which is in accordance with what
Dziewulska et al. (2008), pointing out that the volume of
seminal plasma has a considerable effect on sperm muotility,
determining fertilising success and that its composition for
salmonids is considered 50-80% of the volume of semen.

Another aspect to consider is the quality of the oocytes.
The pH, osmolality and protein concentration of the
ovarian fluid are key indicators since progressive changes
have been observed in them, after ovulation (Lahnsteiner,
2000; Aegerter & Jalabert, 2004; Rosengrave et al. 2008),
in addition to seasonal changes due to changes in the
physiological status of the females throughout the
spawning season, generating changes in the maturity and
quality of the oocytes, influencing the composition of the
ovarian fluid (Lahnsteiner et al. 1999; Lahnsteiner, 2000;
Aegerter & Jalabert, 2004; Rosengrave et al. 2009). Aegerter
& Jalabert (2004), associated oocytes of poor quality to
ovarian fluid with low pH 8, because at pH 7.0 or 7.8 the
activation of motility in spermatozoa of 0. mykiss does not
occur, or its rate is very low (Dietrich et al. 2007; Bobe &
Labbé, 2010; Ciereszko et al. 2010). Lahnsteiner (2000),
observed a significant pH decrease in O. mykiss ovarian
fluid post-ovulation. Aegerter & Jalabert (2004), found
variations of 0.5 pH units in O. mykiss ovarian fluid, due
to the temperature change and the time it takes in contact
with the air, before its measurement (Rosengrave et al.
2009). Regarding osmolality, a decrease in osmolality in
the ovarian fluid can promote premature hydration of
the oocyte and therefore low fertility, which is why it is
associated with poor quality oocytes (Aegerter & Jalabert,
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2004). Finally, a significant increase in the concentration of
ovarian fluid proteins was observed during post-ovulatory
ageing (Lahnsteiner et al. 1999; Lahnsteiner, 2000),
which was associated with the secretory activity of the
post-ovulated ovary more than damaged eggs, product of
management or sequential stripping (Aegerter & Jalabert,
2004; Rosengrave et al. 2009).

Determination of superoxide anion (0,") intracellular: On
day 1, the percentage of viable sperm cells (O,  producing
cells) varied between 97.94 + 0.45% for T, and C and
94.95+ 1.05% for T, to decline over the days, through
storage time (Figure 3). Berrios et al. (2010), detected a
large percentage of intracellular O, of sperm from the
day of semen extraction. However, it was not noticed that
this radical affected the motility, integrity of the plasma
membrane or mitochondrial membrane potential (AYM?),
during the first seven days of storage, which coincides with
the data obtained in this research. However, Espinoza et al.
(2009), showed an inversely proportional correlation
between the percentage of spermatozoa with intracellular
ROS and the percentage of spermatozoa with progressive
motility, normal morphology and sperm viability in
humans, and by analysing the correlation between ROS
levels and APMit did not find associations between these
two events.

Hydroethidine (HE), also known as dihydroethidium
(DHE), is a fluorogenic test that has been widely used
(Zhao et al. 2003; De Iuliis et al. 2006; Burnaugh et al. 2007;
Espinoza et al. 2009; Wilhelm et al. 2009; Berrios et al.
2010), in the detection of intracellular superoxide anion
(0,) (Zielonka et al. 2009), but the detection of DHE
products only by fluorescence has been questioned
(Martinez-Pastor et al. 2010).

Hossain et al. (2011), reported that dihydroethidium
(hydroethidine) reacts specifically with superoxide
anion (0,7), as it is freely permeable and oxidised when
it binds to DNA, forming yellow 2-hydroxyethyl (567 nm)
(Martinez-Pastor et al. 2010). However, other studies have
reported that the use of fluorescent filters for the detection
of the oxidised DHE product signal confuse the oxidation
of DHE to ethidium (E*, red fluorescence at 617 nm), since
other oxygen species can also be found, depending on the
filters used (Martinez-Pastor et al. 2010; Hossain et al. 2011).

Quantification of proteins in seminal plasma: The protein
concentration results obtained in the present study would
agree with literature descriptions where protein levels
in seminal plasma are highly variable and may have
multiple sources of origin (for example, derived directly
from blood plasma or secreted by the spermatic duct)
(Ciereszko et al. 2000; Pefiaranda et al. 2010). There are
several hypotheses regarding the role this are playing
(Ingermann, 2008).

The concentration of proteins in the seminal plasma
of teleost fishes is generally low (1-3 g/L) (Ciereszko et al.
1998; Ciereszko et al. 2000; Lahnsteiner et al. 2004;
Dziewulska et al. 2008) and there is a correlation between
it and the concentration of sperm (Ciereszko et al. 1998).
Sanchez-Rodriguez et al. (1978), found that the highest
protein levels in the O. mykiss seminal plasma were
reached at the beginning of the spawning season
(1.74 to 1.89 mg/mL), which decreased significantly
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later, reaching a concentration of 0.8 mg/mL in week 12.
Sanchez-Rodriguez et al. (1978), attributed this drop in
protein concentration in the seminal plasma to a sustained
increase in sperm production, while Dziewulska et al.
(2008) associates this fall with the protective role that
proteins would play over sperm, because seminal plasma
contains key enzymes for the metabolic process of these.
Borchard (1978) established that the average protein
concentration in the seminal plasma was 33 mg/mL in
mature males of O. mykiss and Loir et al. (1990) reported
that this value fluctuated between 36 to 41 mg/mL for this
parameter, in the same species. They also pointed out that
the protein concentration in the seminal plasma is about
20 times lower than the blood serum. Among the seminal
plasma peptides, amino acids, lipoproteins, antiproteinases
and enzymes are distinguished (Ciereszko et al. 2000).

The composition of the amino acids depends on the
degree of maturity, the physiological conditions of each
fish and the composition of the diet. These can also be
metabolised, since sperm and seminal plasma of salmonids
contain powerful enzymes for the metabolism of amino
acids (Lahnsteiner, 2009). Ingermann (2008) points out
that the level of amino acids in the seminal plasma of
0. mykiss varies between 6 - 14 mg/mL and suggests that
these together with the proteins contribute to the activity of
the oxidative metabolism of teleost sperm. It also associates
the changes in the amino acid levels of the seminal plasma
with the osmoregulation of the spermatozoa. Lahnsteiner
(2009) showed that there was a direct effect of amino acids
on sperm viability (percentage of sperm motility which
can be activated after defined periods of storage), under in
vitro conditions. For O. mykiss, isoleucine showed a positive
effect on sperm viability measured after 48-96 hours of
storage. Proline also had a positive effect on it after 4 days
of storage. In addition, methionine had a positive effect on
it, being detectable after 96 hours of storage. Lahnsteiner
(2009), postulated that the existence of methionine and
methionine reductase in seminal plasma and spermatozoa
of O. mykiss indicates that this system would have a key
role in the antioxidant defense of fish sperm because the
oxidation of methionine protects functionally essential
residues of oxidative damage. He also pointed out that in
fish semen, branched-chain amino acids (such as isoleucine)
are used as additional energy sources during prolonged
periods of storage. In the case of proline, its mechanism
of action could not be established. Finally, he noted that
many amino acid supplements had an adverse effect on
sperm viability due to the specific requirements of each
species and that they have a dose-dependent effect on
sperm viability.

Loir et al. (1990), were able to isolate lipoproteins
from seminal plasma (33 pg/mL average) identifying
them as lipoproteins bound to high density lipids (HDL).
They postulated that those would maintain the lipid
composition of the spermatic membrane during their
stay in the spermatic duct, since that lipoproteins and
HDL are the main transporters of biomembrane lipid
components in biological fluids (Ciereszko et al. 2000;
Pefiaranda et al. 2010). Li et al. (2009), attribute to seminal
proteins roles in the prolongation and stabilization of sperm
viability in teleosts (Ciereszko, 2008; Pefiaranda et al. 2010).
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The values obtained in our experiment coincide with
the variability described for protein concentration.
The maximum values found on day 8 for treatments
supplemented with antioxidants could be correlated
with the role played by seminal proteins in prolonging
and maintaining sperm viability (Figure 4).

Although Lahnsteiner et al. (1997), described that in long
periods of storage, the lysis of the sperm begins, structurally
established by the rupture of the plasma membrane
and the disintegration of cellular compounds begins
(for example, the storage of spermatozoa in physiological
saline solution to inhibit motility for more 24 hours). In
addition, after long periods of storage, as well as after
other treatments that induce sperm damage [for example,
cryopreservation procedures (Figueroa et al. 2013)]
or sperm lysis (for example, osmotic resistance tests).
Internal compounds, as well as proteins, enzymes, DNA
fragments and ions are released and these can be used
as indicators of cell damage (Lahnsteiner et al. 1997;
Ciereszko, 2008; Li et al. 2009). Glogowski et al. (2000),
verified this in rainbow trout semen since there was a
significant increase in the activity of the acid phosphatase
and the concentration of proteins in the supernatant,
which were probably released from the sperm as a result
of cryoinjuries produced during cryopreservation. Also,
in untreated fresh semen, no indicators of emanation of
internal cellular compounds were detected, indicating
that the exit of these is a marker of severe damage, lysis
or cell necrosis (Lahnsteiner et al. 1997).

Antioxidants: There is little information regarding the
in vitro use of antioxidants in the storage of semen from
cold-stored fish (Berrios et al. 2010; Lahnsteiner et al.
2010; Lahnsteiner & Mansour, 2010; Lahnsteiner et al.
2011; Ubilla & Valdebenito, 2011; Merino et al. 2020;
Sandoval-Vargas et al. 2020), because the available data
show of improvements in the quality of gametes, when
antioxidants are incorporated into the diet (Ciereszko
& Dabrowski, 2000; Dabrowski & Ciereszko, 2001,
Juan et al. 2005; Mansour et al. 2006; Bobe & Labbé, 2010;
Sandoval-Vargas et al. 2020). There are several factors
to take into account when evaluating the antioxidant
capacity of a compound (Niki, 2010). Although the results
showed no significant differences, it was observed that
the highest viability values were obtained by T, followed
by T, and T.. It can be explained by taking into account
some factors. The antioxidants free radical scavengers are
located in different sites, some intracellular and others in
the extracellular environment, in aqueous or lipophilic
domains. The effectiveness of the removal of radicals by
antioxidants in the membranes and lipoprotein particles
depends on physical factors such as the fluidity of the local
environment and the mobility of the antioxidant, as well
as its chemical reactivity (effect of the Milieu reaction)
(Niki, 2010). Also Trolox-C has the same chromatic ring as
vitamin E, although it differs in its side chains, it has the
same chemical reactivity to free radicals, being consumed
in the same rate in homogeneous solutions, but it is
consumed more quickly by radicals generated in phase
watery (Niki, 2010).

Another important factor is that antioxidants work in
specific sites cooperatively. Some antioxidants inhibit the
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oxidation of biological molecules by direct interaction with
another antioxidant. Thus, the interaction can result from
a synergistic antioxidation, not simply additive. The most
efficient interaction is the antioxidant action of vitamin E
and vitamin C (May, 1999; Martinez-Alvarez et al. 2005;
Niki, 2010). It was suggested many years ago, and then
its importance was demonstrated, especially against
lipoperoxidation in LDL, plasma and blood in vitro (Niki,
2010). In the present work, the supplementation of the
sperm diluent with vitamin C improved the antioxidant
capacity of T, due to the synergic effect described above.

The values for T, were lower than those obtained for T,.
The answer to this lies in the importance of the fate of free
radicals derived from antioxidants in the determination
of antioxidant capacity. The phenoxyl radical derived
from phenolic antioxidants that have hydroquinone and
catechol in their structure react rapidly with oxygen to give
quinone and hydroxyperoxyl radical, which can induce
a new chain reaction (Niki, 2010). It would confirm the
trend seen between the data obtained with T, and T.. In
fact, ubiquinol and tocopheryl-hydroquinone are known to
undergo autoxidation in vitro. Also, the apparent efficacy of
ubiquinol and a-tocopheryl-hydroquinone for antioxidation
may be lower than that of a-tocopherol under certain
conditions, although the reactivity of these hydroquinones
with free radicals is higher than that of u-tocopherol (Niki,
2010). Kennedy et al. (2003), found that resveratrol was a
specific inhibitor of cyclooxygenase-1, which decreased
sperm motility (38 to 98%), when domestic turkey semen
was incubated together with the antioxidant (0.1 to 10 mM),
although the toxicity effects of resveratrol or its route of
action were not established. Silva et al. (2012), tested the
antioxidant effect in vitro of resveratrol and quercetin
in sheep spermatozoa cryopreserved and thawed later,
concluding that the addition of 5 to 20 pg/mL of resveratrol
or quercetin to a diluent Tris-yolk-egg-glycerol reduces
the APMi,

The values for the viability parameters of T, were the
lowest concerning T, and T.. This is due to the fact that
vitamin C does not have the same efficacy because of its
hydrophilic characteristic, since it removes free radicals
primarily in aqueous phase, as the radical removal efficiency
of ascorbic acid begins to be lower to the extent that free
radicals are deepened inside the membrane or lipoprotein
(Niki, 2010). In fact, it has been found that vitamin Cin vitro
had no effect on the enzymes that prevent lipoperoxidation
in cardiac myocytes from guinea pigs (Rojas et al. 1994).
It has also been supplemented with vitamin C in vitro,
dog semen cryopreserved and thawed later, but did
not influence its quality obtaining results similar to the
control (Michael et al. 2007). Another effect of vitamin C
supplementation in vitro is the protection of the integrity
of the membrane. For example, Aurich et al. (1997), found
that when using ascorbic acid (0.45 and 0.9 g/L) diluted
in diluent with skimmed milk or diluent with glycine
in horse semen refrigerated at 5°C, it was found that it
significantly increased the percentage of intact membrane
sperm when compared to the control, regardless of the
type of diluent. Ciereszko and Dabrowski (2000) found
that in vitro supplementation of ascorbic acid in semen
from O. mykiss does not improve motility or fecundating
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capacity of semen when fish are fed with diets deficient
in ascorbic acid. Vitamin C can also act as a pro-oxidant
since in the presence of transition metals, vitamin C
generates highly reactive and more destructive radicals,
thus generating more free radicals (Dabrowski & Ciereszko,
2001; Michael et al. 2007; Niki, 2010).

Enzymatic activity of superoxide dismutase (SOD) in
seminal plasma: The results obtained show that the
enzymatic activity of SOD is higher when the semen is
conserved in the diluent and rises much more if it is
also supplemented with antioxidants (Figure 5), being
T, the one that presents the highest values of activity.
Taubert et al. (2003), reported that phenols derived from
plants are known to react with superoxide ion, and its
action is similar to SOD, preventing the interaction of
nitric oxide with superoxide ion, but failed to establish
a cooperative effect in the removal of superoxide ion
between antioxidants with different redox potentials.
Although the results obtained in the present study could
infer a direct interaction between wine polyphenols and
the enzymatic activity of SOD, no information was found.
Except Sariozkan et al. (2009), who found an inverse
interaction between the enzymatic activity of SOD in
thawed bull semen and the supplementation of the diluent
with bovine serum albumin (BSA) (5 mg/mL), GSH (2 mM)
or GGSG (2 mM).

SOD is the first enzyme to respond against free radicals
and is one of the ones that offer a greater response to
oxidative stress. Any situation that increases consumption
by the mitochondria proportionally increases the
generation of O,". Experimental tests in animals showed a
correlation between SOD and tolerance to oxygen toxicity
(Trenzado et al. 2006). Lahnsteiner et al. (2010), found
that in both the seminal plasma and brown trout sperm
contained different enzymes and metabolites that played
a role in antioxidant protection, whereof the enzymes
superoxide dismutase had the highest activity and the
metabolites, uric acid was found in high concentrations
being the main responsible for the protection of sperm
under in vivo conditions.

Enzymatic activity of catalase in seminal plasma: The
values recorded for catalase enzymatic activity show that
itis higher when the semen is conserved with diluent and
increases more if it is also supplemented with antioxidants
(Figure 6), being T, the one with the highest values of
activity. Although the results of this study could infer a
direct interaction between Trolox-C and the enzymatic
activity of catalase, no information was found, except
Saridzkan et al. (2009), found that when supplemented
with bovine serum albumin (BSA) (5 mg/mL) the diluent
in which the semen was cryopreserved, an increase in the
activity of catalase was observed in the thawed semen.
Similarly, Lahnsteiner et al. (2010), showed that uric acid
and catalase had a positive effect on sperm viability in
brown trout semen at in vitro conditions when these were
added to the sperm diluent (catalase 150 U/L, 500 U/L,
uric acid 0.25 mmol/L, and 0.50 mmol/L). Catalase under
in vivo conditions in brown trout semen does not play a
key role in antioxidant protection, as it does not achieve
the necessary enzymatic activity observed under in vitro
conditions (Lahnsteiner et al. 2010). Foote & Hare (2000),
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observed that the motility of rabbit sperm inhibited under
oxidative conditions did not improve by the addition of
catalase in vitro. In the case of humans, the concentration
of catalase in the spermatozoon and in seminal plasma is
low, glutathione and glutathione peroxidase are the main
hydrogen peroxide scavengers (Lenzi et al. 1996).

In conclusion, the analysis of two-way variances
showed that both the storage time and the influence of the
antioxidants have significant effects on the parameters of
viability (sperm motility and viability, protein concentration
and enzyme activity of superoxide dismutase in seminal
plasma) and either combined or separately. Except for
fertilising capacity and enzymatic activity of catalase
in seminal plasma where only the storage time has a
significant effect on them. Trolox-C (T,) was the antioxidant
that most positively influenced the viability parameters.
Regarding the enzymatic activity of superoxide dismutase,
the results showed a direct interaction between this and
the wine polyphenols (T,). Finally, the concentration of
proteins in the seminal plasma turned out to be a good
indicator of the quality of the semen, because high values
would reveal emanation of internal cellular compounds,
caused by severe damage, lysis or cellular necrosis. In
summary, when analysing the results, it can be concluded
that the presence of antioxidants improves the viability
of cold-stored semen, especially in transport conditions
and allowing fecundation, despite the loss of motility.
Therefore, future studies should be oriented to in vitro
supplementation in cryopreserved semen with antioxidants
and establish the concentration, combination and mode
of action of these, since under the conditions described
above it has been shown that they extend the viability of
semen (anti-ageing), ensuring the survival and viability
of future embryos.
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