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Abstract
Boar ejaculates are ejected in fractions with a specific composition in terms of
sperm numbers and seminal plasma (SP), which is reflected in the varying sperm
cryotolerance observed among different fractions. As boar sperm are particularly
sensitive to oxidative stress, this study evaluated the role of SP antioxidants in the
observed differences in sperm cryotolerance among ejaculate fractions. Ten ejaculates
from five boars were manually collected in fractions: the first 10 mL of the sperm-rich
fraction (SRF), the rest of the SRF and the post-SRF. Semen samples comprising the
entire ejaculate (EE) were created by proportionally mixing the three fractions described
above. Each of the 40 resulting semen samples was split into two aliquots: one was used
for sperm cryopreservation following a standard protocol utilizing 0.5-mL straws, and the
other was used to collect SP for antioxidant assessment. Frozen-thawed (FT) sperm from
the SRF (the first 10 mL of the SRF and the rest of the SRF) and those from post-SRF
were of the highest and worst quality, respectively, which was measured in terms of total
and objective progressive motility and viability (P<0.01). Viable FT sperm from the postSRF generated more reactive oxygen species and experienced more lipid peroxidation
than those from the SRF (both the first 10 mL and the rest of the SRF) (P<0.01). The
percentage of FT sperm exhibiting fragmented nuclear DNA did not differ among
ejaculate fractions and the EE. Catalase, glutathione peroxidase and glutathione
peroxidase 5 (GPx-5) were lowest in SP from the first 10 mL of the SRF (P<0.001),
whereas superoxide dismutase (SOD) and paraoxonase 1 (PON-1) were highest in SP of
the SRF (both the first 10 mL and the rest of the SRF) (P<0.01). Trolox-equivalent
antioxidant capacity (TEAC) and the ferric-reducing ability of plasma (FRAP) were
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highest in SP from the first 10 mL of the SRF and lowest in the post-SRF (P<0.001),
whereas cupric-reducing antioxidant capacity was lowest (P<0.05) in SP from the first 10
mL of the SRF. Regression analyses indicated that certain SP antioxidants had good
predictive value for post-thaw recovery rates of total motility (R2=54.8%, P<0.001;
including SOD, TEAC and FRAP) and viability (R2=56.1%, P<0.001; including SOD,
PON-1, GPx-5 and TEAC). These results demonstrated that certain SP antioxidants are
positively involved in boar sperm cryotolerance, minimizing the oxidative stress imposed
by cryogenic handling.

Keywords: boar, ejaculate fractions, sperm cryotolerance, seminal plasma, antioxidants.

1. Introduction

Existing procedures for the cryopreservation of boar spermatozoa are far from
satisfactory [1]. Boar sperm membranes are rich in polyunsaturated fatty acids (PUFA)
[2], making them particularly sensitive to oxidative stress (OS) and membrane lipid
peroxidation (LPO). The LPO cascade leads to the formation of electrophilic lipid
aldehydes, causing a loss of motility and ultimately sperm death [3, 4]. The proportion of
PUFA in boar sperm membranes decreases during cryopreservation, likely due to LPO
[5, 6]. An adequate antioxidant system is essential to mitigate OS and avoid LPO.
Unfortunately, mammalian sperm lacks such a system [7, 8]. Therefore, antioxidants
present in the seminal plasma (SP) must play a decisive role in protecting sperm against
OS [9]. Boar SP contains a wide battery of components with antioxidant properties [10],
but their putative role in sperm cryotolerance has not been well characterized. To date,
only one study has superficially addressed this topic [11], suggesting that the total
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antioxidant capacity (TAC) of SP is related to boar sperm cryotolerance. The purpose of
the present study was to address the role of SP antioxidants in protecting boar sperm
against the stress of cryopreservation. Boar ejaculates are emitted in fractions with
remarkable differences in terms of both SP composition [12, 13] and sperm cryotolerance
[14, 15]. This peculiarity provides a framework in which a single ejaculate presents
different scenarios for sperm-SP interactions, facilitating characterization of the
reasons/causes underlying poor boar sperm cryotolerance. In addition to the two most
recognized boar ejaculate fractions, the sperm-rich fraction (SRF) and the post-SRF, the
first 10 mL of the SRF are particularly relevant because its sperm exhibits the best
cryotolerance, particularly compared to the cryotolerance of the entire ejaculate (EE) [14,
15]. Accordingly, sperm and SP samples from EE and from the three ejaculate fractions
described above were used to investigate the relationship between SP antioxidants and
boar sperm cryotolerance.

2. Materials and Methods

2.1. Reagents and media

All chemicals used in this study were analytical grade and purchased from SigmaAldrich Co. (St. Louis, MO, USA). The media were prepared under sterile conditions in
a laminar flow hood (MicroH; Telstar, Terrasa, Spain). The basic semen extender was
Beltsville Thawing Solution (BTS: 205 mM glucose, 20.39 mM Na 3 -C 6 H 5 O 7 , 10.0 mM
KCl, 15.01 mM NaHCO 3 , 3.36 mM EDTA; pH 7.2 and 290–300 mOsmol/kg)
supplemented with 50 mg/mL kanamycin sulfate. EDTA-free phosphate-buffered saline
(PBS: 139 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 ·7H 2 O; with
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0.058 g/L penicillin G and 0.05 g/L streptomycin sulfate; pH 6.8-6.9 and 280–300
mOsmol/kg) was used for flow cytometric analysis. The sperm cooling extender
contained 80% (v:v) Tris-citric acid-glucose extender (111 mM Trizma base, 31.4 mM
monohydrate citric acid, 185 mM glucose) and 20% (v:v) egg yolk, supplemented with
100 µg/mL kanamycin sulfate (pH 7.2 and 295–300 mOsmol/kg). The freezing extender
consisted of the FE (89.5%, v:v) supplemented with glycerol (9%, v:v) and Equex STM
(1.5%, v:v, Nova Chemical Sales, Scituate, MA, USA) (pH of 6.2 and 1700-1730
mOsmol/kg).
The fluorescent probes BODIPY 581/591 C11 (BODIPY), 5-(and-6)
chloromethyl-20,70-dichlorodihydrofluorescein diacetate acetyl ester (CM-H 2 DCFDA),
dihydroethidium (DHE), MitoSOXTM Red (MSR), SYTOXTM Green (SYTOX) and
propidium iodide (PI) were purchased from InvitrogenTM (Thermo Fisher Scientific,
Waltham, MA, USA). The fluorescent probes Hoechst 33342 (H42) and fluorescein
isothiocyanate-conjugated peanut agglutinin (FITC-PNA) were purchased from Sigma
Aldrich.

2.2. Semen and SP samples

The semen and SP samples used in the experiment were collected from five
mature (2 to 3 years old) and healthy fertile boars (Landrace and Large White) housed in
a commercial artificial insemination (AI) center (AIM Iberica, Calasparra, Murcia, Spain)
and regularly used in AI programs (two ejaculates collected per week). Boars were housed
under environmentally controlled conditions (temperature 15–25 °C, natural light from
windows) and were given commercial feed, according to semen donor requirements.
Ejaculates (two per boar) were collected in fractions using the gloved-hand method.
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Specifically, the first 10 mL of the SRF, the rest of the SRF and the post-SRF. EE samples
were created by proportionally mixing the three described ejaculate fractions. A total of
40 semen samples were collected to perform the study. Each of the 40 semen samples
was split into two aliquots immediately after collection. One aliquot was extended 1:1
(v:v) with BTS and stored in an insulated container at 15–17 °C, while the other aliquot
was immediately centrifuged twice at 1,500 x g for 10 min to separate the sperm from the
SP. The resultant SP samples were microscopically examined to confirm that they were
sperm free and were then stored in cryotubes and frozen at -20 °C. Semen and SP samples
were transported to the Andrology Laboratory of the Veterinary Teaching Hospital of the
University of Murcia, where they arrived in less than 1 h. At the laboratory, semen
samples remained stored at 17 °C (cooled incubator FOC 120E, VELP Scientifica,
Usmate, Italy) overnight and were frozen the next day. The SP samples remained stored
at -80 °C (Ultra-Low Freezer, Haier, Canada) until antioxidant analyses were performed.

2.3. Measurement of SP antioxidant capacity

SP TAC was measured in terms of the Trolox equivalent antioxidant capacity
(TEAC), ferric-reducing ability of plasma (FRAP) and cupric-reducing antioxidant
capacity (CUPRAC), all of which measure the activity of non-enzymatic antioxidants
using different approaches. The TEAC method is based on a color change by 2,2’azinobis-3-ethylbenzothiazoline-6-sulfonate [16], the FRAP method is based on the
reduction of Fe3+ to Fe2+ [17] and the CUPRAC method is based on the reduction of Cu2+
to Cu1+ [18]. These assays were validated to SP samples in preliminary assays.
The enzymatic antioxidant activity of SP was measured as the activity of catalase
(CAT), total glutathione peroxidase (GPOx), superoxide dismutase (SOD) and
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paraoxonase 1 (PON-1), and the concentration of glutathione peroxidase 5 (GPx-5). CAT,
GPOx and SOD activity levels were measured using commercially available assays
following the manufacturers’ instructions (CAT: Sigma-Aldrich, St. Louis, MO, USA;
GPOx and SOD: Randox, Crumlin, UK). PON-1 activity was assessed by measuring the
hydrolysis of p-nitrophenyl acetate to p-nitrophenol, as described by Barranco et al.
(2015) for SP [19]. The concentration of GPx-5 was measured using a commercially
available sandwich enzyme-linked immunosorbent assay following the manufacturer’s
instructions (Mybiosource, San Diego, California, USA). All measurements, with the
exception of the GPx-5 concentration and CAT activity, were performed using an
automated biochemistry analyzer (Olympus AU600 Automatic Chemistry Analyzer,
Olympus Europe GmbH, Germany) with an inter- and intra-assay imprecision of less than
15%. The GPx-5 concentration and CAT activity were measured using a micro-plate
reader (PowerWave XS; Bio-Tek Instruments). The results of the TAC assays (TEAC,
FRAP and CUPRAC) were expressed in mmol/L. SOD, CAT and PON-1 activities were
expressed as IU/mL, and GPOx activity was expressed as IU/L. The concentration of
GPx-5 was expressed as ng/mL.

2.4. Sperm cryopreservation

The semen samples were frozen using a 0.5-mL straw freezing procedure
described by Alkmin et al. (2014) [15]. Briefly, the samples were centrifuged (3 min at
2,400 × g; Megafuge 1.0 R, Heraeus, Hanau, Germany), and sperm pellets were resuspended in cooling extender to a concentration of 1.5 × 109 sperm/mL. After cooling
to 5 °C for 150 min, extended sperm samples were re-extended in the freezing extender
to a final concentration of 1.0 × 109 sperm/mL. Immediately, the extended sperm samples

8
were packed into 0.5-mL polyvinyl chloride (PVC) French straws (Minitüb, Tiefenbach,
Germany) and frozen in liquid nitrogen (LN 2 ) vapors (placed on a metal rack, 3 cm above
liquid nitrogen surface for 20 min). The frozen straws were stored in a LN 2 container for
at least one week. Straws were then thawed in a circulating water bath at 37 °C for 20 s
and extended with BTS (1:1, v:v). The resulting extended FT sperm samples remained at
37 °C in the dark for 150 min, and sperm quality and functionality were evaluated at 30
and 150 min after thawing.

2.5. Sperm assessments

Sperm were evaluated in terms of their total and progressive motility, viability,
nuclear DNA fragmentation, intracellular ROS generation and LPO.
Sperm motility was objectively evaluated using an integrated sperm analysis
system (ISASV1®; Proiser R+D, Paterna, Spain). Briefly, sperm samples were extended
with BTS to a final concentration of 20–30 × 106 sperm/mL. For each evaluation, 5 µL
of sample was placed in a Makler counting chamber (Sefi Medical Instruments, Haifa,
Israel) pre-warmed to 38 °C. Then, four or five fields were captured to analyze a
minimum of 400 sperm per sample. The following sperm motility variables were
recorded: percentages of total motile spermatozoa (with an average path velocity ≥ 20
µm/s) and of sperm exhibiting rapid and progressive movement (straight line velocity ≥
40 µm/s).
Sperm viability was cytometrically evaluated (BD FACSCanto II cytometer;
Becton Dickinson Co, Franklin Lakes, NJ, USA) in terms of plasma and acrosome
membrane integrity. One hundred microliters of each sperm sample (30 × 106 sperm/mL
in BTS) was stained with 3 µL of H-42 (0.05 mg/mL in PBS), 2 µL of PI (0.5 mg/mL in
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PBS) and 2 µL of PNA-FITC (200 µg/mL in PBS) and incubated in the dark at 37 °C for
10 min. Four hundred microliters of PBS were added to each sample prior to cytometry
analysis. A total of 10,000 H-42 positive events were recorded for each sample, and both
the PI and PNA-FITC negative sperm population were viable.
Total and progressive sperm motility and sperm viability were measured after
thawing and were recorded as both raw and recovery data. Raw data were recorded for
thawed sperm samples, whereas recovery data consists of the percentages of motile and
viable sperm relative to the percentages before freezing, calculated using the following
equation: (raw post-thaw sperm quality × 100)/ sperm quality before freezing).
Intracellular ROS generation was evaluated by measuring superoxide ion (O 2 •-)
and hydrogen peroxide (H 2 O 2 ) levels. Mitochondrial O 2 •- generation was assessed using
MSR following a procedure described by Koppers et al. (2008) [20] with slight
modifications. Briefly, 1 mL of each sperm sample (20 × 106 sperm/mL) was mixed with
0.5 µL of MSR (5 mM in DMSO) and incubated at 37 °C in the dark for 15 min.
Thereafter, the samples were centrifuged (5 min at 600 × g) and sperm pellets were resuspended in PBS to 10 × 106 sperm/mL. Then, sperm samples were mixed with 10 µL
of SYTOX (5 µM in DMSO) and 15 µL of H-42 (0.05 mg/mL in PBS). Similar sperm
samples, mixed with 50 µL of Rotenone (0.01 mM in DMSO), were used as the positive
control. The sperm samples were incubated in the dark at 37 °C for 15 min immediately
prior to cytometric analysis and extended in PBS to 3 × 106 sperm/mL. Sperm positive
for H-42 and MSR and negative for SYTOX were considered viable, with high
mitochondrial O 2 •- generation.
The total generation of O 2 •- was assessed using DHE following a procedure
described by Koppers et al. (2008) [20] with slight modifications. Briefly, 1 mL of each
sperm sample (10 × 106 sperm/mL) was mixed with 7.5 µL of H-42 (0.05 mg/mL in PBS),
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10 µL of SYTOX (5 µM in DMSO) and 10 µL of DHE (200 µM in DMSO) and incubated
in the dark at 37 °C for 15 min. Thereafter, the sperm samples were centrifuged (5 min at
600 × g), and the sperm pellets were re-suspended in PBS to 3 × 106 sperm/mL. The sperm
population that was H-42-positive, SYTOX Green-negative and DHE-positive was
considered viable, with high total intracellular O 2 •- generation.
Intracellular H 2 O 2 generation in FT viable sperm was measured using CMH 2 DCFDA following a procedure described by Guthrie and Welch (2006) [21]. Briefly,
50 µL of each sperm sample (30 × 106 sperm/mL) was extended in 950 µL of PBS
containing 1.5 µL of H-42 (0.05 mg/mL in PBS), 1 µL of PI (0.5 mg/mL in PBS) and 1
µL of CM-H 2 DCFDA (1 mM in DMSO). A similar sperm sample, mixed with 1 µL of
tert-butyl hydroperoxide (TBH) solution (70% in distilled water), was used as a positive
control. The sperm samples were incubated in the dark at 37 °C for 30 min prior to
cytometric analysis. Sperm negative for PI and positive for DCF were considered viable,
with high intracellular H 2 O 2 generation.
Sperm membrane LPO was evaluated using BODIPY following a procedure
described by Koppers et al. (2008) [20] with slight modifications. Briefly, sperm samples
(20 × 106 sperm/mL in PBS) were mixed with 2.5 µL of BODIPY and incubated in the
dark at 37 °C for 30 min. Thereafter, sperm samples were centrifuged (7 min at 300 × g)
and sperm pellets were re-suspended in 1 mL of PBS. Then, 100 µL of each sperm sample
was mixed with 10 µL of PI (0.5 mg/mL in PBS) and 2 µL of H-42 (0.05 mg/mL in PBS)
and incubated in the dark at 37 °C for 10 min. A similar sperm sample, mixed with 9 µL
of TBH (70% in distilled water) and incubated at 37 °C in the dark for 30 min, was used
as a positive control. Four hundred microliters of PBS were added to each sperm sample
prior to cytometric analysis. The H-42-positive, PI-negative and BODIPY-positive sperm
population was considered viable exhibiting LPO.
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Nuclear DNA fragmentation in FT sperm was evaluated immediately after
thawing using the Sperm-Sus-Halomax® kit (Halotech DNA SL, Madrid, Spain)
following a procedure described by Alkmin et al. (2013) [22]. A minimum of 300 sperm
were microscopically evaluated for each FT sperm sample (10 × 106 sperm/mL in EDTAfree BTS), and sperm exhibiting a large scattered halo around the head were considered
to have fragmented nuclear DNA.

2.6. Statistical analysis

Statistical analyses were performed using the IBM SPSS statistics 19.0 package
(IBM Spain, Madrid) and following the recommendations of Petrie and Watson (2013)
[23]. The normality of the data set was confirmed based on the residuals using the
Kolmogorov-Smirnov test. A repeated-measures ANOVA was performed to evaluate the
influence of the semen source (first 10 mL of the SRF, rest of the SRF, post-SRF and EE)
on the sperm quality (raw and recovery rates), the intracellular ROS-generation and the
LPO of FT sperm at two post-thaw evaluation times (30 and 150 min post-thaw). Mixed
ANOVA tests, using boar and trial as random effects, were performed to evaluate the
influence of semen source on both nuclear DNA fragmentation in FT sperm and
antioxidant measurements in SP. Multivariable linear regression analysis, performed with
the forward stepwise method to choose explanatory variables, was used to identify SP
antioxidants related to variability in the post-thaw recovery rates of total sperm,
progressive motility and sperm viability. The Bonferroni test was used for post hoc
analyses where appropriate. A value of P<0.05 was accepted as the minimum level of
significance.
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3. Results

Sperm quality was measured in terms of both total and progressive motility as
well as viability, and the percentages found for them in fresh semen samples were,
respectively, 80.30 ± 1.76, 28.20 ± 2.16 and 84.28 ± 1.55 in the 10 mL of SRF; 80.90 ±
2.39, 25.70 ± 3.20 and 81.06 ± 2.43 in the rest of SRF; 69.60 ± 4.25, 27.10 ± 2.73 and
71.40 ± 3.63 in the post-SRF; and 75.50 ± 2.71, 23.70 ± 2.52 and 76.14 ± 3.34 in the
entire ejaculate.
After thawing, sperm quality was measured at 30 and 150 min and recorded as
raw and recovery rates. The two major factors, semen source and post-thaw evaluation
time, influenced (P<0.01) all sperm quality parameters evaluated. Sperm quality at 150
min was worse (P<0.05) than that at 30 min post-thaw. The interaction between sperm
source and post-thaw evaluation time was not significant for any of the sperm quality
parameters assessed, regardless of whether they were recorded as raw or recovery rates.
Accordingly, Table 1 shows the averaged data of the two post-thaw evaluation times for
each semen source. The FT sperm of the SRF (the first 10 mL of the SRF and the rest of
the SRF) exhibited the best post-thaw quality, whereas FT sperm from post-SRF
exhibited the worst post-thaw quality, irrespective of whether the data were recorded as
raw or recovery rates. The post-thaw quality of FT sperm from EE was also worse than
that of FT sperm from the SRF (the first 10 mL of the SRF and the rest of the SRF) but
was better than that from the post-SRF.
Intracellular ROS generation was measured in FT viable sperm in terms of the
capacity to generate O 2 •-, both in the entire cell (primarily in the cytoplasm and
membrane) and specifically in the mitochondrial sheath, and H 2 O 2 . Semen source and
post-thaw incubation time influenced (P<0.05) ROS generation, but the interaction
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between these factors was not significant. Therefore, the measurements recorded at both
post-thaw evaluation times were averaged for each semen source (Figure 1). The
generation of O 2 •- showed a similar pattern in both the mitochondria (Figure 1A) and the
cytoplasm and membrane (Figure 1B), characterized by lower levels in the SRF (both in
first 10 mL and the rest of the SRF) and higher levels in the post-SRF. H 2 O 2 generation
in FT viable sperm also differed among semen sources (P<0.01), with those from the
post-SRF having the highest percentages (Figure 1C). The percentage of FT viable sperm
showing LPO also differed (P<0.01) among semen sources, with those from the SRF (the
first 10 mL of the SRF and the rest of the SRF) and the post-SRF having the lowest and
highest percentages, respectively (Figure 1D).
Sperm nuclear DNA status was evaluated once in each semen sample immediately
after thawing. The percentage of FT sperm showing fragmented nuclear DNA was always
below 4%, without significant differences among semen sources (Figure 2).
The total antioxidant capacity of SP was measured in terms of TEAC, FRAP and
CUPRAC (Figure 3). TEAC (Figure 3A) and FRAP (Figure 3B) measurements were
highest in the SP from the first 10 mL of the SRF and lowest in the post-SRF (P<0.001).
In contrast, CUPRAC measurements were lowest (P<0.05) in the SP from the first 10 mL
of the SRF compared to other ejaculate fractions and the recomposed EE (Figure 3C).
Five SP enzymes with antioxidant capacity were evaluated, specifically CAT,
GPOx, GPx-5, SOD and PON-1 (Figure 4). CAT and GPOx activities and the
concentration of GPx-5 showed similar patterns (Figures 4A-C). They were lower in the
SP from the first 10 mL of the SRF than in the other ejaculate fractions and the
recomposed EE (P<0.05). The SP activities of SOD (Figure 4D) and PON-1 (Figure 4E)
also showed a similar pattern, with higher levels in the SP of the SRF (both the first 10
mL and the rest of the SRF) than in the post-SRF and the recomposed EE (P<0.001).
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Using the forward stepwise method to choose explanatory variables, multiple
linear regression analyses generated 3, 2 and 4 different regression models to predict the
recovery rates of total motility, progressive motility and sperm viability after thawing,
respectively, for each of the two post-thaw evaluation times. The models generated for
each dependent or response variable were similar for the two post-thaw evaluation times.
For this reason, the final models were generated based on the combination of data
recompiled at the two post-thaw evaluation times. To simplify the presentation of the
results, only the regression model with the highest value for adjusted R2 was considered
for each of the response variables. The model chosen for the post-thaw recovery rates of
total sperm motility had a predictive value of 54.8% (F=35.32; P<0.001) and included
SOD, FRAP and TEAC as explanatory variables. The model for post-thaw recovery rates
of progressive motility had a predictive value of 27.1% (F=16.77; P<0.001) and included
SOD and PON-1 as explanatory variables. Finally, the model for post-thaw recovery rates
of sperm viability had a predictive value of 56.1% (F=28.20; P<0.001), including SOD,
PON-1, TEAC and GPx-5 as explanatory variables. In summary, the regression models
generated to explain the variability in the post-thaw recovery rates of total motility and
viability showed good predictive value because they explained more than half of the total
variation. In contrast, the model chosen to explain the variability in post-thaw recovery
rates of progressive motility had a weak predictive value because it explained less than
30% of the total variation.

4. Discussion

The results of the present study show for the first time a clear relationship between
SP components with antioxidant capacity and the capability of boar spermatozoa to
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sustain cryopreservation. Here, SOD, PON1, GPx-5 and two TAC measurements,
specifically TAEC and FRAP, were the SP antioxidants demonstrating the clearest roles.
The above conclusion was reached after first observing differences in sperm
cryotolerance among different ejaculate fractions. This is a well-known issue in that the
spermatozoa from the first 10 ml of the SRF are known to freeze better than those from
the entire ejaculate [15, 24, 25]. The results of the present study, in addition to agreeing
with these findings, demonstrated the poor cryotolerance of spermatozoa from the postSRF, as only 20 and 35% of the motile and viable sperm before freezing were recovered
after thawing. The post-SRF contributes approximately 2/3 of the total SP of EE as well
as approximately 10 to 15% of spermatozoa [26]. Thus, the extreme cryosensitivity of the
post-SRF sperm is the primary cause of the poor cryotolerance of EE sperm compared
with that of the SRF (the first 10 mL and the rest of the SRF). Noticeable that AI centers
are currently moving away from collecting only the SRF towards collecting the entire EE
[27], which, as demonstrated here, negatively impacts sperm cryotolerance. This must be
considered before creating boar sperm cryobanks.
The peculiar membrane lipid architecture, specifically the high proportion of
PUFA, of boar spermatozoa makes them particularly sensitive to OS [5, 6]. However,
there is currently controversy regarding whether the cryopreservation process itself
causes OS in boar spermatozoa (reviewed by Yeste, 2016 [1]). The widespread successful
use of antioxidants as additives for freezing and/or thawing extenders to improve the
quality and functionality of boar FT sperm (reviewed by Bathgate, 2011 [9]) indirectly
supports the prediction that boar sperm undergo OS during cryopreservation. Boar sperm
are believed to acquire OS sensitivity immediately before freezing, specifically during
the cooling period, and the consequences are particularly evident after thawing [28, 29].
The present study evaluated the OS experienced by viable FT sperm in terms of
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intracellular ROS generation and LPO. Differences among the ejaculate fractions in terms
of the levels of ROS generated by viable FT sperm were clear: samples from the postSRF generated more ROS than those from the SRF (both the first 10 mL and the rest of
the SRF). Viable FT sperm from the post-SRF also experienced more LPO than those
from the SRF. Despite the lack of a differential threshold between beneficial or
deleterious levels of ROS generated by spermatozoa [30], increased levels of ROS are
known to lead to OS and thus cause sperm dysfunction [31]. Therefore, based on our
results, the cryopreservation process causes OS in boar spermatozoa, but the intensity of
OS varies substantially between ejaculate fractions. This is particularly evident in FT
sperm from the post-SRF. The intensity of OS is likely related to post-thaw sperm quality
because viable FT sperm from the post-SRF, which experience greater OS, exhibited the
worst post-thaw sperm quality. In contrast, FT sperm from the SRF (both the first 10 mL
of the SRF and the rest of the SRF) followed an opposite trend, showing less OS and
better post-thaw sperm quality. Unsurprisingly, there was a low incidence of FT sperm
with fragmented nuclear DNA in the three ejaculate fractions and EE, and there were no
differences among them. Nuclear DNA fragmentation is the ultimate sperm target of OS
attack, which is particularly evident in the FT sperm of many mammalian species [32].
The nuclear DNA of boar sperm withstands the cryopreservation process [22, 33, 34]
because it only contains protamine 1 for DNA packaging. This provides high stability
under stressful conditions such as cryopreservation or OS [35].
Currently, the reasons underlying the differences in sperm cryotolerance among
ejaculate fractions remain unclear. However, the source of these differences is more likely
found in the SP rather than in the sperm themselves. Saravia et al. [14] and Alkmin et al.
[15] proved that SP influences freezability of boar sperm and that it does this differently
depending on the fraction it came from. The SP source differs among different ejaculate
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fractions. For the first 10 mL of the SRF, the epididymis and prostate supply the SP. For
the remainder of the SRF, the prostate and, to a lesser extent, the vesicular glands supply
the SP. Finally, for the post-SRF, the vesicular glands and, to a lesser extent, the
bulbourethral glands supply the SP [26]. Accordingly, differences in SP composition,
generally described in more qualitative than quantitative terms, have been well
documented among ejaculate fractions [12, 13, 36]. This may explain the recorded
differences in sperm cryotolerance. At present, however, little is known about the SP
components implicated. There have been few studies addressing this subject, and they
focused on searching for SP proteins linked to boar sperm cryotolerance [37-39].
Porcine spermatozoa are particularly sensitive to OS, and cryopreservation
increases the incidence of LPO [6]. The present study demonstrates clear differences
between ejaculate fractions in terms of the intensity of OS experienced by FT sperm, as
described above. Consequently, the study focused on SP antioxidants to explain
differences between the ejaculate fractions in terms of sperm cryotolerance. Currently,
there are no procedures available to assess the TAC of an organic fluid such as SP [40].
Accordingly, the present study evaluated antioxidants, either individually or grouped. SP
enzymes with proven antioxidant capacity, specifically SOD, CAT, GPOx, GPx-5 and
PON-1, were individually evaluated. SP non-enzymatic antioxidants, such as ascorbic
acid, α-tocopherol and glutathione, were evaluated together using non-specific TAC tests:
TEAC, CUPRAC and FRAP. There were substantial quantitative differences among the
ejaculate fractions for several of the SP antioxidants measured. Interestingly, the first 10
mL of the SRF and the post-SRF were the ejaculate fractions containing SP with the best
and worst antioxidant capacity, respectively. The same fractions showed the best and
worst ROS generation, LPO and sperm cryotolerance, respectively. Differences in
antioxidant capacity between these two ejaculated fractions were particularly evident for
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SOD and TAC measurements (TEAC, CUPRAC and FRAP). Indeed, TAEC is the only
SP antioxidant measurement suggested thus far as a potential marker of boar sperm
cryotolerance [11].
Regression models were used to identify SP antioxidants that explain differences
in sperm cryotolerance and to determine whether these differences are powerful enough
to explain the observed variability in the post-thaw recovery rates of total and progressive
motility and viability. The models showed good predictive value for total motility and
viability and they included SOD, TEAC and FRAP as explanatory variables for total
motility, whereas that for viability included SOD, PON-1, GPx-5 and TEAC. SOD was
positively related to the post-thaw recovery rates of total motility and viability. These
results support previous studies highlighting the relevance of SOD activity for successful
sperm cryotolerance [41, 42]. SOD is an essential antioxidant for avoiding OS because it
initiates a cascade of reactions intended to neutralize the more harmful ROS [43].
Specifically, SOD neutralizes O 2 •-, the primary ROS generated by spermatozoa in both
the mitochondrial and plasma membranes, which, in excess, triggers a dangerous
oxidative chain reaction leading to LPO and thereby to the loss of motility and sperm
death [44]. Regression analysis identified two other antioxidant enzymes that were
positively related to boar sperm cryotolerance: PON-1 and GPx-5. PON-1 binds to
membrane cholesterol, preventing its oxidation and thereby positively influencing both
motility attributes and the sperm membrane integrity [45]. GPx-5, one of the eight
enzymes included in the GPx family, is the most abundant in the male genital tract and,
together with glutathione, catalyzes reactions to inactivate hydroperoxides [46].
Two tests measuring SP-TAC were also identified in the regression analysis as
positively related to sperm cryotolerance: TEAC and FRAP. Both TAC assays measure
the antioxidant capacity of ascorbic acid, uric acid, α-tocopherol and glutathione [17, 47].
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Ascorbic acid and α-tocopherol are inserted into the membrane structure and are
particularly efficient at reducing ROS that is superficially attached to the membranes.
Specifically, ascorbic acid reduces nitroxide radicals, and α-tocopherol reduces lipid
peroxyl radicals. Moreover, both are individually sufficient to minimize membrane LPO
when present at appropriate concentrations [48]. Uric acid is another powerful ROS
scavenger that binds to the plasma membrane but is not effective at minimizing LPO [48].
Reduced glutathione is likely the most important non-enzymatic SP-ROS scavenger, and
it acts primarily by neutralizing hydroxyl radicals. Hydroxyl radicals are among the most
dangerous ROS generated from inactivated H 2 O 2 [9]. FRAP more specifically measures
a set of antioxidants capable of reducing ferric Fe+3 to Fe+2, making them effective for
neutralizing hydroperoxides [17]. These results are supported by empirical studies
demonstrating the ability of SOD, citric acid, α-tocopherol and glutathione for improving
post-thaw sperm quality when they are used as additives of freezing extenders [41, 49,
50]. Of note, the ability of Trolox, a vitamin E analogue, to improve boar sperm
cryopreservation differs among ejaculate fractions [24].
A final question remains: when the above-mentioned SP antioxidants protect boar
sperm against cryopreservation stress? Clarifying this issue is particularly relevant in pigs
because SP does not participate in the freezing and thawing of sperm, as it is removed
prior to freezing to facilitate suitable extension of the sperm with the freezing extender
[1]. Thus, only two scenarios are possible. Either SP antioxidants act during ejaculation
and/or they act during the holding time prior to freezing. The holding time is typically
between 16 and 20 h, during which the sperm remain surrounded by their own SP,
facilitating interactions between the spermatozoa and SP components. This holding time
results in sufficient recovery rates of functional spermatozoa after thawing [51]. In either
of the two scenarios, SP antioxidants work against OS prior to freezing, making the sperm
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more resilient to the stress of cryopreservation. In contrast, sperm are sensitive to
cryopreservation stress when the potential activity of the above-mentioned SP
antioxidants is reduced. Thus, OS increased after thawing in FT sperm from post-SRF.
In summary, this study demonstrated that certain SP antioxidants are directly
involved in the cryotolerance of boar spermatozoa. Boar FT sperm experience OS but
demonstrate different intensity levels in different ejaculate fractions. These differences
are likely attributable to variations in the concentration and/or activity of SP antioxidants
among the ejaculate fractions.
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Figure Legends

Figure 1. Box-whisker plots showing the generation of reactive oxygen species (ROS)
and the incidence of lipid peroxidation (LPO) in frozen-thawed (FT) boar sperm from the
first 10 ml of sperm-rich ejaculate fraction (10mL-SRF), the rest of the SRF, the postSRF and the recomposed entire ejaculate (EE). Boxes enclose the 25th and 75th
percentiles, the line denotes the median value, and the whiskers extend to the 5th and 95th
percentiles. a-c and m-o indicate differences among semen sources at P<0.05 and P<0.01,
respectively. Data of 10 ejaculates from 5 boars, 2 ejaculates per boar.
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Figure 2. Box-whisker plot showing the incidence of nuclear DNA fragmentation in
frozen-thawed (FT) boar sperm from the first 10 ml of sperm-rich ejaculate fraction
(10mL-SRF), the rest of the SRF, the post-SRF and the recomposed entire ejaculate (EE).
Boxes enclose the 25th and 75th percentiles, the line shows the median, and the whiskers
extend to the 5th and 95th percentiles. Data of 10 ejaculates from 5 boars, 2 ejaculates
per boar.

Figure 3. Box-whisker plots showing the total antioxidant capacity of boar seminal
plasma from the first 10 mL of the sperm-rich ejaculate fraction (10 mL-SRF), the rest of
the SRF, the post-SRF and the recomposed entire ejaculate (EE). Total antioxidant
capacity was measured in terms of trolox equivalent antioxidant capacity (TEAC), ferric
reducing ability of plasma (FRAP) and cupric reducing antioxidant capacity (CUPRAC).
Boxes enclose the 25th and 75th percentiles, the line shows the median value, and the
whiskers extend to the 5th and 95th percentiles. a,b; m,n and x-z indicate differences
among semen sources at P<0.05, P<0.01 and P<0.001, respectively. Data of 10 ejaculates
from 5 boars, 2 ejaculates per boar.

Figure 4. Box-whisker plots showing the activity of superoxide dismutase, catalase,
paraoxonase type 1 and glutathione peroxidase and the concentration of glutathione
peroxidase in 5 in boar seminal plasma from the first 10 mL of sperm-rich ejaculate
fraction (10 mL-SRF), the rest of the SRF, the post-SRF and the recomposed entire
ejaculate (EE). Boxes enclose the 25th and 75th percentiles. The line shows the median
value, while the whiskers extend to the 5th and 95th percentiles. a, b and m-p indicate
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differences among semen sources at P<0.05 and P<0.01, respectively. Data of 10
ejaculates from 5 boars, 2 ejaculates per boar.

