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SUMMARY
The main aim of this work was to evaluate how supplementing freezing media with reduced glutathione (GSH) affected the

‘in vivo’ fertilizing ability of boar semen subjected to cryopreservation procedures. With this purpose, 12 ejaculates coming from 12

boars were cryopreserved in the presence or absence of 2 mM GSH, whereas the same number of extended ejaculates coming from

the same boars was used as negative/farm controls. Eight different sperm parameters (levels of free-cysteine residues in sperm

nucleoproteins, DNA fragmentation, sperm viability, acrosome-membrane integrity, intracellular peroxide and superoxide levels,

and total and progressive sperm motility) were evaluated before freezing and after 30 and 240 min of thawing. In addition, a total of

180 multiparous sows were used in the field fertility trials, the females being randomly divided into three groups and inseminated

with extended, frozen-thawed control or frozen-thawed semen supplemented with 2 mM GSH. The presence of GSH in the freezing

media significantly (p < 0.05) increased farrowing rates and the number of total born piglets and alive born piglets, and partially

counteracted the cryopreservation-induced damages inflicted on frozen-thawed spermatozoa. We can thus conclude that supple-

menting freezing media with 2 mM GSH greatly improves boar sperm cryopreservation technology, as it significantly improves the

fertilizing ability of frozen-thawed spermatozoa.

INTRODUCTION
Artificial insemination (AI) with extended semen offers many

benefits to the swine industry, through improving biosecurity and

access to high-quality genetic material (Bailey et al., 2008; Knox,

2011). However, AI with frozen-thawed semen only represents 2%

of swine inseminations (Roca et al., 2011), as it yields lower fertil-

ity rates and litter sizes than those achieved with extended semen

(Almlid & Hofmo, 1995; Johnson et al., 2000). New insights into

the protocol of boar sperm cryopreservation have previously been

madewith the aim to increase fertility and prolificacy rates (Spen-

cer et al., 2010). In this regard, it is worth mentioning that the use

of post-cervical artificial insemination (post-CAI) with frozen/

thawed semen has represented a considerable step forward (Gil

et al., 2000; Rath, 2002; Casas et al., 2010).

Previous studies reported that freeze-thawing of boar sperma-

tozoa induces cell alterations that can affect sperm fertilizing

ability. Some of these alterations are linked to damage in sperm

plasmalemma (Meyers, 2005; Flores et al., 2008; Casas et al.,

2009) and osmotic and oxidative stresses (Hern�andez et al.,

2007). Cryopreservation also induces destabilization of nucleo-

protein structure, as the increase in the number of disrupted

disulphide bonds between sperm nucleoproteins after freeze-

thawing manifests (Flores et al., 2011; Yeste et al., 2012). Finally,

boar sperm cryopreservation has also been reported to increase

DNA fragmentation after 240 min of thawing (Yeste et al., 2012,

2013), even though the extent of such damage is lower than in

other mammalian species like horse and human (Baumber et al.,

2003; Silva & Gadella, 2006; Fraser et al., 2011).

The antioxidant, reduced glutathione (GSH), is the most abun-

dant thiol in cells and is considered of vital importance, among

other functions, for the maintenance of the intracellular redox

balance (Jacob et al., 2003). Chatterjee et al. (2001) demon-

strated that GSH maintains the normal distribution pattern of

sulphydryl groups in bull sperm membrane proteins during

88 Andrology, 2014, 2, 88–99 © 2013 American Society of Andrology and European Academy of Andrology

ISSN: 2047-2919 ANDROLOGY



freeze-thawing, thereby avoiding the cryopreservation-induced

changes in the quantity and distribution pattern of these sul-

phydryl groups. Furthermore, the addition of GSH to freeze-

thawing media has been seen to increase sperm motility, slightly

reduce intracellular peroxide levels and enhance the sperm-pen-

etration-to-oocyte ability of boar spermatozoa (Gadea et al.,

2004, 2005; Yeste et al., 2012). In this context, the addition of

protective agents of disulphide bonds, such as GSH at a final

concentration of 2 mM, seems to improve the ability of the

nucleoprotein structure to resist cryoinjuries, as previous works

of our group have shown (Yeste et al., 2012). However, and

despite the relevance of sperm chromatin integrity on fertilizing

ability (Silva & Gadella, 2006), no previous study has been con-

ducted to evaluate the actual impact of supplementing freezing

extenders with GSH on pig ‘in vivo’ fertility and prolificacy.

On the basis of this background, this study aimed to determine

the effects of adding 2 mM GSH to freeze extenders (LEY and

LEYGO) on the field fertility and prolificacy of multiparous sows

inseminated with extended, frozen-thawed control or frozen-

thawed semen supplemented with 2 mM GSH. In addition, some

additional sperm quality parameters (such as the amounts of

free-cysteine residues in sperm nucleoproteins, DNA fragmenta-

tion, sperm viability, acrosome-membrane integrity, ROS levels

and sperm motility) were also assessed in this study and corre-

lated with field fertility and prolificacy data to evaluate their rela-

tive importance in explaining boar sperm fertilizing ability

‘in vivo’ as well as their resistance to cryopreservation.

MATERIALS ANDMETHODS
The experimental protocol was designed following the guide-

lines established by the Animal Welfare Directive of the Regional

Government of Catalonia (Spain), the Ethics Commission of the

Autonomous University of Barcelona (Bellaterra, Spain), and

according to Spanish welfare and protection standards in swine

(R.D. 1392/2012).

Seminal samples

In total, 24 ejaculates coming from 12 healthy boars from the

Pietrain breed, 2–3 years of age, were used in this study. These

animals were housed in climate-controlled buildings (Swine

Genetic Services, S.L., Roda de Ter, Barcelona, Spain), fed with

an adjusted diet (2.3 kg/d) and provided with water ad libitum.

In addition, all of them were of proven fertility according with

the AI station records, and were found to present good ejaculate

freezability (‘good freezers’).

From all of these 24 ejaculates, 12 were used for cryopreserva-

tion purposes, whereas the other 12 were used as farm controls

(extended semen) for evaluating sperm parameters and

performing in vivo fertility trials. In all cases, the sperm-rich

fractions were collected manually twice per week using the

hand-gloved method, diluted with a commercial extender

(Androstar Plus�; Minitub Ib�erica SL, Tarragona, Spain), and

cooled down to 16–17 °C. Ejaculates used as farm controls were

diluted 1 : 9 (v:v) with the above-mentioned commercial exten-

der and split into seminal doses of 60 mL and 3 9 109 spermato-

zoa/dose each, suitable for post-CAI. Two of these seminal

doses, stored at 17 °C, were sent to our laboratory to assess the

following eight sperm parameters after incubation of the sper-

matozoa for both 30 and 240 min at 37 °C: levels of free-cysteine
residues in sperm nucleoproteins, DNA fragmentation, sperm

viability, acrosome-membrane integrity, intracellular peroxide

and superoxide levels, and total and progressive sperm motility

(PMOT). The other 12 ejaculates were diluted 1 : 2 (v:v) with the

same commercial extender, packaged with plastic bags and also

sent to our lab at 17 °C. An aliquot from each of these 12 ejacu-

lates was also taken before starting the cryopreservation process

to evaluate the eight previously mentioned parameters.

In all cases, the quality of all sperm samples was evaluated

upon arrival to check that they satisfied the quality standards

previously established as minimal conditions to proceed with

the freeze-thawing procedure (i.e. total sperm motility >80%,

PMOT >60%; morphologically normal spermatozoa >85%; sperm

viability >85% (Yeste et al., 2012).

Cryopreservation and thawing of sperm samples

When stated, semen samples were cryopreserved using the

Westendorf method (Westendorf et al., 1975) and adapted by

Yeste et al. (2012). Briefly, all ejaculates were cryopreserved 24 h

after extraction and storage at 17 °C. At that time, the ejaculates

were centrifuged at 17 °C and 600g for 5 min. Then, pellets were

recovered and diluted at 1.5 9 109 spermatozoa/mL (using a

Makler counting chamber; Sefi-Medical Instruments, Haifa,

Israel) in a freezing medium containing lactose and egg yolk

(LEY). Spermatozoa were next cooled down to 5 °C for 90 min,

and subsequently diluted at 1 9 109 spermatozoa/mL in a sec-

ond medium containing LEY glycerol and ES Paste (Equex STM;

Nova Chemical Sales Inc., Scituate, MA, USA) (LEYGO), at final

concentrations of 2 and 0.5% respectively. During the sperm

cryopreservation process, each ejaculate was divided into two

equal parts. The first one followed the conventional freezing pro-

cess, whereas LEY and LEYGO cryopreservation extenders of the

other part were supplemented with 2 mM reduced L-glutathione

(C10H17N3O6S; GSH, Sigma-Aldrich�, St Louis, MO, USA). This

GSH concentration was chosen because of our previously pub-

lished results (Yeste et al., 2012). Afterwards, sperm samples

were packed in 0.5-mL plastic and labelled straws (Minitub

Ib�erica, SL) distinguishing between treatments [frozen-thawed

control (FT C) vs. frozen-thawed supplemented with 2 mM GSH

(FT GSH)], boars and ejaculates. The straws were then trans-

ferred to a programmable freezer (Icecube14S-B; Minitub

Ib�erica, SL). The freezing programme (SY-LAB software; Minitub

Ib�erica, SL) consisted of 313 sec of cooling at the following rates:

�6 °C/min from 5 to �5 °C (100 sec), �39.82 °C/min from �5

to �80 °C (113 sec), maintained for 30 sec at �80 °C, and finally

cooled at �60 °C/min from �80 to �150 °C (70 sec). The straws

were finally plunged into liquid N2 (�196 °C) for further storage.
After at least 2 weeks of storage at �196 °C, four straws per

ejaculate and treatment (FT C or FT GSH) were taken, thawed at

37 °C for 20 sec and immediately diluted with three volumes of

warmed Androstar Plus� at 37 °C at a final dilution of 1/4 (Casas

et al., 2012). All the sperm parameters (amounts of free-cysteine

residues in sperm nucleoproteins, DNA fragmentation, sperm

viability, acrosome-membrane integrity, intracellular peroxide

and superoxide levels and sperm motility) were evaluated at 30

and 240 min after thawing at 37 °C.

Evaluation of free-cysteine residues in sperm nucleoproteins

before and after freeze-thawing

The determination of free cysteine radicals in sperm nucleo-

proteins, as an indirect measure of disrupted disulphide bonds
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within nucleoproteins, was carried out following the protocol

adapted to boar spermatozoa and described by Flores et al.

(2011). Briefly, samples were centrifuged at 6009g and 17 °C for

20 min and resuspended in an ice-cold 50 mM Tris buffer (pH

7.4) containing 150 mM NaCl, 1% (v:v) Nonidet, 0.5% (w:v)

sodium deoxycolate, 1 mM benzamidine, 10 lg/mL leupeptin,

0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM

Na2VO4. Spermatozoa were subsequently homogenized through

sonication (Ikasonic U50 sonicator, Ika� Labortechnick; Staufen,

Germany), and the homogenates centrifuged at 850g and 4 °C
for 20 min. Both the resultant supernatants and the upper layer

of the pellet were discarded, and the pellets were subsequently

resuspended in 500 lL of PBS. The purity of this separation was

determined by observation under a phase-contrast microscope

(Zeiss Primo Star, Karl Zeiss; Jena, Germany) at 4009 magnifica-

tions (Zeiss Plan-Achromat 409/0.65; Karl Zeiss). Samples purity

was described as the percentage of loose heads in comparison

with the presence of whole, non-fractioned spermatozoa and

separated tails in the sample. In all cases, the mean purity per-

centage was higher than 95% of loose heads in comparison with

other sperm presentations, such as intact spermatozoa or cells

with different types of tail rupture without separating the heads

from their respective mid-pieces.

The levels of free cysteine radicals in sperm nucleoproteins

were determined in the samples obtained by using the 2,2′-dithi-

odipyridine technique (2,2′-dipyridyl disulphide; Sigma-

Aldrich�) as described by Brocklehurst et al. (1979). Briefly, the

10-lL aliquots of resuspended, isolated sperm heads obtained as

described above were added to 990 lL of an aqueous solution of

0.4 mM 2,2′-dithiodipyridine. Ten-lL aliquots of cysteine stan-

dards from 0.1 to 5 mM (Sigma-Aldrich�) were also added to

990 lL of 0.4 mM 2,2′-dithiodipyridine for evaluation. In all the

cases, mixtures were incubated at 37 °C for 60 min, and levels of

free cysteine radicals were finally determined through spectro-

photometric analysis at a wavelength of 343 nm. The results

obtained were normalized through a parallel determination of

the total protein content of samples by the Bradford (1976)

method, using a commercial kit (Quick StartTM Bradford Protein

Assay; BioRad, Hercules, CA, USA). Three replicates per sample

and treatment were evaluated, and the corresponding

mean � SEM (standard error of the mean) was subsequently

calculated.

Evaluation of DNA fragmentation before and after freeze-

thawing

DNA fragmentation was assessed using a sperm chromatin

dispersion test (SCDt) specifically designed for boar spermato-

zoa (Sperm-Halomax�-Sus for fluorescence microscopy; Chro-

maCell S.L., Madrid, Spain) and following the manufacturer’s

instructions. This test is based on the different response that

intact and fragmented DNA show after a deproteinization treat-

ment, and previous reports have shown that the results obtained

with this technique strongly correlated with those obtained with

other tests, like the neutral comet assay (Enciso et al., 2006).

Briefly, the lysing buffer included in the commercial kit was

tempered to 22 °C and vials containing low-melting agarose

were incubated at 100 °C for 5 min in a water bath. Vials were

then left in another water bath at 37 °C for 5 min to equilibrate

the agarose temperature. Twenty-five lL of each sperm sample

(at a final concentration of 107 spermatozoa/mL) were added to

a vial prior to mixing it thoroughly. One drop of 25 lL containing

the spermatozoa in agarose was placed onto the treated face of

the slides provided with the kit and covered with a glass cover-

slip to avoid air-bubble formation.

Slides were placed on a cooled plate within a fridge and left at

4 °C for 5 min. The coverslip was then removed and 50 lL of

lysis solution per slide were added. An incubation step at 22 °C
for 5 min was performed, prior to washing for 5 min with miliQ�

water. The slides were subsequently dehydrated by three steps

of 2 min each with ethanol at 70, 90 and 100%. Finally, sperm

samples were stained with propidium iodide (PI, 2.5 lg/mL;

Molecular Probes�, Eugene, OR, USA) and mounted in DABCO

antifading medium (DABCOTM anti-fading medium; Sigma-

Aldrich�). Samples were observed under an epifluorescence

microscope (Zeiss AxioImager Z1; Karl Zeiss) at 10009

magnification.

Three counts of 250 spermatozoa each using three different

slides were carried out per sample, prior to calculating the corre-

sponding mean � SEM. Spermatozoa with fragmented DNA

exhibited a large and spotty halo of chromatin dispersion,

whereas spermatozoa with non-fragmented DNA exhibited only

a small halo.

Flow cytometric analyses

Information about flow cytometry analyses is given according

to the recommendations of the International Society for

Advancement of Cytometry (ISAC) (Lee et al., 2008). These analy-

ses were conducted to evaluate some sperm functional parame-

ters, such as sperm viability (membrane integrity), acrosome

integrity, and intracellular peroxide and superoxide levels. In

each case, the sperm concentration in each treatment was

adjusted to 1 9 106 spermatozoa/mL in a final volume of 0.5 mL,

and spermatozoa were then stained with the appropriate combi-

nations of fluorochromes, following the protocols described

below (i.e. SYBR-14/PI, PNA-FITC/PI, H2DFCDA/PI, HE/YO-

PRO�-1 or PI after hypotonic treatment to correct raw data).

Samples were evaluated through a Cell Laboratory QuantaSCTM

cytometer (Beckman Coulter, Fullerton, CA, USA; Serial Number

AL300087, Technical specification at https://www.beckmancoul-

ter.com/wsrportal/ajax/downloadDocument/721742AD.pdf?au-

tonomyId=TP_DOC_32032&documentName=721742AD.pdf).

This instrument, which had not been altered in the original con-

figuration provided by the manufacturer, was equipped with two

light sources: an arch-discharge lamp and an argon ion laser

(488 nm) set at a power of 22 mW. In our case, only the single-

line visible light (488 nm) from the argon laser was used to per-

form the analyses. Cell diameter/volume was directly measured

with the Cell Lab QuantaTM SC cytometer employing the Coulter

principle for volume assessment, which is based on measuring

changes in electrical resistance produced by non-conductive

particles suspended in an electrolyte solution. This system, thus,

has forward scatter (FS) replaced by electronic volume (EV). Fur-

thermore, the EV channel was calibrated using 10-lm Flow-

Check fluorospheres (Beckman Coulter) by positioning this size

bead in channel 200 on the volume scale.

Optical filters were also original and they were FL1, FL2 and

FL3. In this system, the optical characteristics for these filters

were as follows: FL1 (green fluorescence): Dichroic/Splitter,

DRLP: 550 nm, band pass filter: 525 nm, detection width 505–

545 nm; FL2 (orange fluorescence): DRLP: 600 nm, BP filter:
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575 nm, detection width: 560–590 nm); and FL3 (red fluores-

cence): long pass filter: 670/30 nm. Signals were logarithmically

amplified and photomultiplier settings were adjusted to particu-

lar staining methods. FL-1 was used to detect green fluorescence

(SYBR14, PNA-FITC, YO-PRO�-1 and H2DFCDA), whereas FL3

was used to detect red (HE and PI) fluorescence.

Sheath flow rate was set at 4.17 lL/min in all analyses, and EV

and side scatter (SS) were recorded in a linear mode (in EE vs. SS

dot plots) for a minimum of 10 000 events per replicate. The

analyser threshold was adjusted on the EV channel to exclude

subcellular debris (particle diameter <7 lm) and cell aggregates

(particle diameter >12 lm). Therefore, the sperm-specific

events, which usually appeared in a typically L-shaped scatter

profile, were positively gated on the basis of EV and SS distribu-

tions, whereas the others were gated out. In some protocols, as

described below, compensation was used to minimize spill-over

of green fluorescence into the red channel.

Information on the events was collected in List-mode Data

files (LMD), and these generated files were then analysed using

Cell Lab Quanta�SC MPL Analysis Software (version 1.0; Beck-

man Coulter) to quantify dot-plot sperm populations (FL1 vs.

FL3) and to analyse the cytometric histograms. In PNA-FITC/PI,

H2DFCDA/PI and HE/YO-PRO�-1 assessments, data obtained

from flow cytometry experiments were corrected according to

the procedure described by Petrunkina et al. (2010). Each assess-

ment for each sample and parameter was repeated three times

in independent tubes prior to calculating the corresponding

mean � SEM.

Unless otherwise stated, all flurochromes used for these analy-

ses were purchased from Molecular Probes� (Invitrogen,

Eugene, OR, USA) and diluted with dimethyl sulfoxide (DMSO;

Sigma).

Sperm viability (SYBR-14/PI)

Sperm viability was assessed using the LIVE/DEAD� Sperm

Viability Kit (SYBR-14/ PI), according to the protocol described

by Garner & Johnson (1995). Briefly, sperm samples were incu-

bated at 38 °C for 10 min with SYBR-14 at a final concentration

of 100 nM, and then with PI at a final concentration of 10 lM for

5 min and at the same temperature. FL-1 was used for measur-

ing SYBR-14 fluorescence, whereas PI fluorescence was detected

through FL-3. After this assessment, three sperm populations

were identified: (i) viable green-stained spermatozoa (SYBR-14+/

PI�); (ii) non-viable red-stained spermatozoa (SYBR-14�/PI+);
and (iii) non-viable spermatozoa that were stained both green

and red (SYBR-14+/PI+). Non-sperm particles (debris) were

found in the SYBR-14�/PI� quadrant.

Single-stained samples were used for setting the EV gain, FL-1

and FL-3 PMT-voltages and for compensation of SYBR-14 spill

over into the PI/FL-3 channel (2.45%).

Acrosome integrity (PNA-FITC/PI)

Acrosome integrity was assessed by costaining the spermato-

zoa with the lectin from Arachis hypogaea (peanut agglutinin,

PNA) conjugated with fluorescein isothiocianate (FITC) and PI,

according to the procedure described by Nagy et al. (2003).

Briefly, spermatozoa were stained with PNA-FITC (final concen-

tration: 2.5 lg/mL) and PI (final concentration: 10 lM) and incu-

bated at 38 °C for 10 min. PNA-FITC fluorescence was collected

through FL-1 and PI fluorescence was detected through FL-3.

Spermatozoa were identified and placed in one of the four fol-

lowing populations: (i) viable spermatozoa with intact acro-

somes (PNA-FITC-/PI-); (ii) viable spermatozoa with damaged

(exocytosed) acrosomes (PNA-FITC+/PI�); (iii) non-viable cells

with intact acrosomes (PNA-FITC�/PI+); and (iv) non-viable cells

with damaged acrosomes (PNA-FITC+/PI+).

Unstained and single-stained samples were used for setting

the EV gain, FL-1 and FL-3 PMT-voltages and for compensation

of PNA-FITC-spill over into the PI/FL-3 channel (2.45%).

Assessment of intracellular ROS levels

Intracellular peroxide (H2O2) and superoxide (O2
�●) levels

were determined using two different oxidation-sensitive fluores-

cent probes: 2′,7′-dichlorodihydrofluorescein diacetate

(H2DCFDA) and hydroethidine (HE). Following a procedure

modified from Guthrie & Welch (2006), a simultaneous differen-

tiation of viable from non-viable spermatozoa was performed by

costaining the spermatozoa either with PI or with YO-PRO�-1.

In the case of peroxides, spermatozoa were stained with

H2DCFDA at a final concentration of 200 lM and PI at a final

concentration of 10 lM, and incubated at 25 °C for 60 min in the

dark. H2DCFDA is a stable cell-permeable non-fluorescent probe

that is intracellularly de-esterified and becomes highly fluores-

cent 2′,7′-dichlorofluorescein (DCF) upon oxidation (Guthrie &

Welch, 2006). This DCF fluorescence was collected through FL-

1, whereas PI fluorescence was detected through FL-3.

Unstained and single-stained samples were used for setting the

EV gain, FL-1 and FL-3 PMT-voltages and data were not

compensated.

In the case of superoxides, samples were stained with HE (final

concentration: 4 lM) and YO-PRO�-1 (final concentration:

40 lM) and incubated at 25 °C for 40 min in the dark (Guthrie &

Welch, 2006). Hydroethidine is freely permeable to cells and is

oxidized by O2
�● to ethidium (E) and other products. Fluores-

cence of ethidium (E+) was detected through FL-3, and that of

YO-PRO�-1 was collected through FL-1. Data were not

compensated.

Data are expressed as means � SEM of percentages of viable

spermatozoa with high intracellular H2O2 levels (high DCF+ fluo-

rescence) and of viable spermatozoa with high O2
�● levels (high

ethidium fluorescence; E+).

Correction of data: identification of non-DNA containing particles

The percentage of non-DNA-containing particles (alien parti-

cles) was determined since in some flow cytometry assessments,

especially when working with cryopreserved spermatozoa, there

may be an overestimation of sperm particles. Indeed, alien parti-

cles such as cytoplasmic droplets, cell debris or diluent compo-

nents (such as egg yolk), will often show EV/FS and SS

characteristics similar to those of spermatozoa and cannot thus

be excluded via light scatter (Petrunkina et al., 2010). For this

reason, 5 lL of each sperm sample coming from cooling or post-

thawing steps were diluted with 895 lL of milliQ�-distilled

water. Samples were then stained with PI at a final concentration

of 10 lM and incubated at 38 °C for 3 min, according to the pro-

cedure described by Petrunkina et al., 2010. Percentages of alien

particles (f) were used to correct the percentages of non-stained

spermatozoa (q1) in each sample and treatment after PNA-FITC/

PI, H2DFCDA/PI and HE/YO-PRO�-1 assays, according to the

following formula:
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q1
0 ¼ q1 � f

100� f
� 100

where q1′ is the percentage of non-stained spermatozoa after

correction.

Sperm motility

Sperm-motility analysis was performed by utilizing a commer-

cial CASA system (Integrated Sperm Analysis System V1.0; Prois-

er, Valencia, Spain). This system is based upon the analysis of 25

consecutive digitalized photographic images obtained from a

single field at a magnification of 1009 in a negative phase-con-

trast field (Olympus BX41 microscope; Olympus 109 0.30 PLAN

objective lens, Olympus-Europa GmbH, Hamburg, Germany).

These 25 consecutive photographs were taken in a time lapse of

1 sec, which implied a velocity of image capturing of one photo-

graph every 40 ms. Five to six separate fields were taken for each

replicate, and three replicates were run per sample.

For each assessment, 15 lL of sperm sample was placed in a

Makler counting chamber (Sefi-Medical Instruments), and total

and progressive motility together with other kinetic parameters

were recorded (Yeste et al., 2008). Total motility was defined as

the percentage of spermatozoa that showed a VAP > 10 lM/s,
whereas progressive motility was defined as the percentage of

spermatozoa that showed a VAP > 45 lm/s.

Sperm morphology

As stated, sperm morphology was assessed upon arrival of the

seminal samples to verify that they satisfied the quality standard

(i.e. morphologically normal spermatozoa >85%). For this pur-

pose, 5 lL of each semen sample was placed on a slide and

mounted with a cover slip. Slides were then incubated for

30 min in 100% humidity at 25 °C to immobilize the spermato-

zoa. Sperm morphology was assessed subjectively by making

three counts of 100 spermatozoa each, prior to calculating the

corresponding mean � SEM and differentiating between mor-

phologically normal spermatozoa, spermatozoa with cytoplas-

mic droplets and aberrant spermatozoa (coiled tails, tails folded

at the connecting piece, at the intermediate piece or at Jensen’s

ring) (Yeste et al., 2008). A phase-contrast microscope (Olympus

BX41) was used, and the samples were observed at 2009 magni-

fication (Olympus 209 0.40 PLAN objective lens, positive phase-

contrast field).

Reproductive management and insemination of sows

In this study, a total of 180 multiparous sows from a breeding

farm (Swine Genetic Services, S.L., Sant Sadurn�ı d’Osormort,

Barcelona, Spain) were used in the fertility trials. These sows,

from Landrace and Large White breeds, were also housed in

climate-controlled buildings, fed with an adjusted diet (2.2 kg/d)

and provided with water ad libitum.

Sows were randomly divided into three groups of 15 animals

each, and each group was inseminated with extended, frozen-

thawed control (FT C) or frozen-thawed semen supplemented

with 2 mM GSH (FT GSH). This experiment was repeated every

2 months and up to four times, according to an insemination

programming system of all-in/all-out production followed by

the breeding farm. Thus, a total of 60 sows per group (extended,

FT C, FT GSH) were inseminated. Each ejaculate was used to

inseminate five sows.

The insemination programme was carried out according to

the management of sows at weaning. Detection of oestrus was

monitored from Day 2 post-weaning by inspection of the vulva

for reddening and swelling and response to a male teaser, and

confirmed at Days 4 and 5 after pressing on the sow’s back and

determining for the presence/absence of the standing reflex.

(Soede et al., 2011). The time of onset of oestrus was defined as

the first time at which a sow revealed a back-pressure response

(Roberts & Bilkei, 2005).

Post-cervical insemination (Watson & Behan, 2002; Roberts &

Bilkei, 2005; Casas et al., 2010) through a Magaplus S� catheter

(Magapor, Zaragoza, Spain) was used in all of the inseminations.

This insemination device consists of a conventional foam-type

disposable AI catheter that is inserted into the cervix of the

female. After waiting for cervix relaxation and engagement, the

catheter is inserted up into the uterine body where the semen is

deposited. Double insemination was performed in all cases, with

an interval of 12 h between both inseminations, thereby cover-

ing the insemination-to-ovulation interval recommended for

extended and cryopreserved doses (Waberski et al., 1994; Casas

et al., 2010).

Extended seminal doses used for AI were prepared as

described in Section 2.1 (i.e. 3 9 109 sperm/dose in 60 mL/

dose), whereas in the case of frozen-thawed semen, six frozen

semen straws (stored at �196 °C) were taken per ejaculate and

treatment (FT C or FT GSH), subsequently thawed by shaking for

20 sec into a water bath at 37 °C and diluted with three volumes

of Androstar Plus�, also warmed at 37 °C (i.e. a final volume of

12 mL: 3 mL of FT sperm and 9 mL of Androstar Plus�). Finally,

48 mL of the same commercial extender were added to these

12 mL to reach a final volume of 60 mL (i.e. 3 9 109 spermato-

zoa/dose in doses of 60 mL, as in the case of extended semen).

Assessments of fertility rates and litter sizes

The rate of non-return to oestrus was assessed at 21-Day post-

insemination (NRR21d) with a male teaser, and pregnancy

diagnosis (PR30d) was verified at 30-Day by ultrasonography

(Echoscan T-100; Import-vet SA, Barcelona, Spain). Farrowing

rate (FR) was also recorded, together with the litter sizes, that is

the total number of piglets born (TP), the number of live-born

piglets (AP) and the number of stillborn piglets (SB).

Statistical analyses

Statistical analyses were performed using the IBM� SPSS� 20

(IBM Corp., Chicago, IL, USA) and the SYSTAT 12.0 for Windows

statistical packages (SYSTAT Software Inc., Evanston, IL, USA).

Data are presented as percentages and mean � standard error

of the mean (SEM). Each ejaculate was considered as an inde-

pendent observation, and the minimal level of significance was

set at p < 0.05 in all statistical analyses.

As a first step, fertility rates (i.e. non-return to oestrus rate at

21 days, pregnancy rate at 30 days, farrowing rate at parturition)

were transformed using logistic (logit) transformation (e.g.

logit = ln(NRR21d/(1 � NRR21d)), the log-odds then being used

for subsequent calculations. Then, both sperm parameters and

fertility and prolificacy data were tested for normality and hom-

ocedasticity using the Kolmogorov–Smirnov and Levene tests.

When needed, data on percentages were recalculated using the

arcsine square root (x) transformation to match the parametric

assumptions.
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General linear models

In the case of sperm parameters (i.e. free cysteine radicals in

sperm nucleoproteins, DNA fragmentation, sperm viability and

acrosome integrity, intracellular peroxide and superoxide levels

and sperm motility), a generalized linear mixed model for

repeated measures was run where each sperm parameter was

the independent variable, incubation time (30 or 240 min) was

the intra-subject factor and the type of semen used (extended,

FT C, FT GSH) and the boar were, respectively, the fixed-effect

and random-effect factors. A post hoc Bonferroni’s test was used

for pair-wise comparisons.

The effects of semen type on fertility data, based on non-

return to oestrus rates at 21 days, pregnancy rates at 30 days or

farrowing rates, and litter sizes were determined through a linear

mixed model with treatment as fixed-effects and boar as ran-

dom-effects factors. A post hoc Bonferroni’s test was also run for

multiple comparisons.

Correlations and regression analyses

Correlations between the eight sperm parameters (free cyste-

ine radicals in sperm nucleoproteins, DNA fragmentation, sperm

viability and acrosome integrity, intracellular peroxide and

superoxide levels, and total and PMOT) were calculated using

the Pearson correlation. In addition, correlations of the eight

mentioned sperm parameters with fertility and prolificacy data

were also calculated using the Pearson correlation.

On the other hand, linear regression analyses (the Pearson cor-

relation and multiple regression) were used to determine the

ability of these sperm parameters to predict non-return rates at

21 days (NRR21d), pregnancy rates at 30 days (PR30d), farrowing

rates (FR), TP and AP. The procedure used (the forward stepwise

model) was the same one used in a previous article of our group

(Yeste et al., 2010) and consisted of optimizing the regression

equation (y = a + b1x1 + b2x2 +…+ bkxk; k ≤ 8) to increase the

determination coefficient (R2). The significance level for intro-

ducing each parameter in the multiple regression model was

0.10 and the significance level (a) for the model was 0.05.

Finally, cross-validation using the Jackknife procedure was

performed to estimate the bias of regression equation parame-

ters: slope (b) and intercept (a) (Kott, 2001). In all cases, the

values of the Pearson coefficient were transformed using Fisher

Z-transform prior to jackknifing. The Jackknife estimation was

performed on the resulting Z-transformed values, the final

value of the r estimate being obtained by the inverse of the

Fisher Z-transformation. The Jackknife estimate of the bias was

calculated as the difference between the biased estimator (b
_

)

and the unbiased Jackknife estimator (b
_J

), and the (1-a) con-
fidence intervals (CI) were calculated as follows:

CI ¼ b
_J

� tt;a=2 � r̂
b
_J , where b

_

is the mean of the pseudo-values,

r̂
b
_J is the standard error of the pseudo-values and tt;a=2 is the

a-level critical value of a Student’s t distribution with

υ = n � 1 degrees of freedom (Yeste et al., 2010).

RESULTS

Effects of the addition of 2 mM GSH to cryopreservation

extenders on free-cysteine residues of sperm nucleoproteins

Figure 1 shows the effects of treatment (extended, FT C, FT

GSH) and post-thawing incubation time on the levels of free

cysteine residues in sperm nucleoproteins. After 30 min of incu-

bation at 37 °C, frozen-thawed control sperm presented signifi-

cantly (p < 0.05) higher levels of free cysteine residues in sperm

nucleoproteins than extended or frozen-thawed semen supple-

mented with 2 mM GSH. After 240 min of thawing, levels of free

cysteine residues in frozen-thawed control were again signifi-

cantly (p < 0.05) higher than were those observed in extended

semen or frozen-thawed spermatozoa supplemented with GSH.

However, at that time, frozen-thawed semen supplemented with

2 mM GSH presented significantly higher (p < 0.05) levels of free

cysteine radicals than did extended semen (FT C: 8.5 � 0.6 vs.

FT GSH: 4.4 � 0.3).

Effects of the addition of 2 mM GSH to cryopreservation

extenders on DNA fragmentation

DNA fragmentation levels were low in all treatments after 30

and 240 min of incubation at 37 °C. However, whereas extended

semen and frozen-thawed spermatozoa supplemented with

2 mM GSH did not differ after incubation at 37 °C for either 30 or

240 min, frozen-thawed control semen presented significantly

(p < 0.05) higher percentages of spermatozoa with fragmented

DNA at 240 min post-thawing when compared with extended

and frozen-thawed semen supplemented with 2 mM GSH

(Fig. 2).

Effects of the addition of 2 mM GSH to cryopreservation

extenders on sperm viability

Freeze-thawing of boar spermatozoa significantly (p < 0.05)

reduced the percentages of viable spermatozoa both after 30 and

240 min post-thawing (Fig. 3). Nevertheless, the extent of this

damage differed between frozen-thawed control and frozen-

thawed semen supplemented with 2 mM GSH, as the former pre-

sented significantly lower percentages of viable spermatozoa

than the latter, both after 30 and 240 min post-thawing (FT C:

33.5 � 1.4 vs. FT GSH: 46.9 � 1.9).
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Figure 1 Free cysteine residues (as mean � SEM) in sperm nucleoproteins

in extended, frozen-thawed control (FT C) and frozen-thawed spermato-

zoa supplemented with 2 mM GSH (FT GSH) after incubation at 37 °C for

30 or 240 min. Different letters (a–c) mean significant (p < 0.05) differ-

ences between treatments, whereas different numbers (1, 2) mean signifi-

cant differences (p < 0.05) between time points within the same

treatment.
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Effects of the addition of 2 mM GSH to cryopreservation

extenders on acrosome integrity

Table 1 shows (as mean � SEM) the percentages of acro-

some-intact spermatozoa in extended semen, frozen-thawed

control and frozen-thawed supplemented with GSH after 30 and

240 min of incubation at 37 °C. Again, freeze-thawing of boar

spermatozoa was seen to significantly (p < 0.05) decrease the

percentage of acrosome-intact spermatozoa. Notwithstanding,

this reduction was significantly higher (p < 0.05) in frozen-

thawed control than in frozen-thawed semen supplemented

with 2 mM GSH (e.g. at 240 min post-thawing, FT C: 20.9 � 1.0

vs. FT GSH 38.8 � 1.6).
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Figure 2 Percentages of spermatozoa with fragmented DNA

(mean � SEM) in extended, frozen-thawed control (FT C) and frozen-

thawed spermatozoa supplemented with 2 mM GSH (FT GSH) after incuba-

tion at 37 °C for 30 or 240 min. Different letters (a–c) mean significant

(p < 0.05) differences between treatments, whereas different numbers (1,

2) mean significant differences (p < 0.05) between time points within the

same treatment.
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Figure 3 Percentages of viable spermatozoa (SYBR14+/PI�) (mean � SEM)

in extended, frozen-thawed control (FT C) and frozen-thawed spermatozoa

supplemented with 2 mM GSH (FT GSH) after incubation at 37 °C for 30 or

240 min. Different letters (a–c) mean significant (p < 0.05) differences

between treatments, whereas different numbers (1, 2) mean significant dif-

ferences (p < 0.05) between time points within the same treatment.
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Effects of the addition of 2 mM GSH to cryopreservation

extenders on ROS levels

After 30 min of incubation at 37 °C, the percentage of viable

spermatozoa with high peroxide levels (DCF+/PI�) was found to

be slightly but significantly higher (p < 0.05) in frozen-thawed

control than in extended and frozen-thawed semen supple-

mented with 2 mM GSH (Table 1). In contrast, the percentage of

spermatozoa with high intracellular superoxide levels (E+/YO-

PRO-1�) was not found to be affected by sperm cryopreservation

or GSH supplementation.

Effects of the addition of 2 mM GSH to cryopreservation

extenders on sperm motility

Table 1 also shows data on total and PMOT in extended

semen, frozen-thawed control and frozen-thawed spermatozoa

supplemented with 2 mM GSH. As expected, boar sperm cryo-

preservation significantly decreased total (TMOT) and PMOT.

However, in both parameters, the reduction observed in fro-

zen-thawed control was significantly (p < 0.05) higher than

that observed in frozen-thawed spermatozoa supplemented

with 2 mM GSH, both at 30 and 240 min post-thawing (e.g.

PMOT at 240 min post-thawing, FT C: 18.0 � 1.1 vs. FT GSH

37.2 � 2.0).

Correlations between sperm quality parameters

Table 2a shows the correlation coefficients among all the eight

sperm parameters evaluated at 30 min. Apart from the percent-

ages of spermatozoa with fragmented DNA and of viable sper-

matozoa with high levels of superoxides, the other six sperm

parameters were found to be significantly correlated each other.

At 240 min post-thawing (Table 2b), all of the sperm parameters

except those that evaluated ROS levels, that is percentages of via-

ble spermatozoa with high intracellular peroxide (DCF+/PI�)
and superoxide (E+/YO-PRO-1�) levels, were found to be signifi-

cantly correlated with each other.

Effects of the addition of 2 mM GSH to cryopreservation

extenders on field fertility and prolificacy

The insemination with frozen-thawed control samples yielded

significantly (p < 0.05) lower fertility results when measured as

the non-oestrus return rate after 21 days (NRR21d) of insemina-

tion, pregnancy rate after 30 days (PR30d) of insemination and

farrowing rate (FR) at parturition than those observed in sows

inseminated with extended semen (e.g. FR, extended: 91.4 � 5.1

vs. FT C: 67.2 � 3.4, Table 3). Strikingly, the presence of 2 mM

GSH counteracted the deleterious effect of freeze-thawing

observed in frozen-thawed control samples (e.g. FR, FT C:

67.2 � 3.4 vs. FT GSH: 92.7 � 5.5). In this manner, fertility rates

of boar semen frozen in the presence of 2 mM GSH were not sig-

nificantly different to those observed in sows inseminated with

extended semen (Table 3).

As far as litter sizes are concerned, both TP and AP per sow

were significantly (p < 0.05) higher in females inseminated with

extended semen or with frozen-thawed spermatozoa supple-

mented with 2 mM GSH than in sows inseminated with frozen-

thawed control (e.g. AP, extended: 13.6 � 0.5 and FT GSH:

12.4 � 0.9 vs. FT C: 6.9 � 2.3; Table 3). Again, no significant dif-

ferences were observed between extended and frozen-thawed

semen supplemented with 2 mM GSH. The number of stillborn

piglets did not differ between treatments (Table 3). T
a
b
le

2
C
o
rr
e
la
ti
o
n
s
(P
e
a
rs
o
n
co

e
ffi
ci
e
n
t)

b
e
tw

e
e
n
th
e
e
ig
h
t
e
va
lu
a
te
d
sp
e
rm

p
a
ra
m
e
te
rs

(l
e
ve
ls

o
f
fr
e
e
cy
st
e
in
e
re
si
d
u
e
s
(F
C
R
)
in

sp
e
rm

n
u
cl
e
o
p
ro
te
in
s,

%
sp
e
rm

a
to
zo

a
w
it
h
fr
a
g
m
e
n
te
d
D
N
A
,
%

vi
a
b
le

sp
e
rm

a
to
zo

a
(S
Y
B
R
1
4
+
/P
I�
),
%

a
cr
o
so
m
e
-i
n
ta
ct

sp
e
rm

a
to
zo

a
(P
N
A
-F
IT
C
�
/P
I�
),
%

vi
a
b
le

sp
e
rm

a
to
zo

a
w
it
h
h
ig
h
in
tr
a
ce
llu

la
r
p
e
ro
x
id
e
le
ve
ls
(D

C
F+
/P
I�
),
%

vi
a
b
le

sp
e
rm

a
to
zo

a
w
it
h
h
ig
h
su
p
e
ro
x
id
e
le
ve
ls
(E

+
/

Y
O
-P
R
O
-1

�
),
a
n
d
%

to
ta
l
a
n
d
%

p
ro
g
re
ss
iv
e
m
o
ti
le

sp
e
rm

a
to
zo

a
)
in

e
x
te
n
d
e
d
,
fr
o
ze
n
-t
h
a
w
e
d
co

n
tr
o
l
(F
T
C
)
a
n
d
fr
o
ze
n
-t
h
a
w
e
d
sp
e
rm

a
to
zo

a
su
p
p
le
m
e
n
te
d
w
it
h
2
m

M
G
S
H
(F
T
G
S
H
)
a
ft
e
r
in
cu

b
a
ti
o
n
a
t
3
7
°C

fo
r
3
0
m
in

(a
)
o
r
2
4
0
m
in

(b
)

FC
R
re
si
d
u
e
s
in

sp
e
rm

n
u
cl
e
o
p
ro
te
in
s

%
S
p
e
rm

a
to
zo

a
w
it
h

fr
a
g
m
e
n
te
d
D
N
A

%
V
ia
b
le

sp
e
rm

a
to
zo

a
%

A
cr
o
so
m
e
in
ta
ct

sp
e
rm

a
to
zo

a
%

S
p
e
rm

a
to
zo

a
D
C
F+
/P
I�

%
S
p
e
rm

a
to
zo

a
E+
/
Y
O
-P
R
O
-1

�
%

T
o
ta
lm

o
ti
le

sp
e
rm

a
to
zo

a
%

P
ro
g
re
ss
iv
e
m
o
ti
le

sp
e
rm

a
to
zo

a

(a
) FC

R
in

sp
e
rm

n
u
cl
e
o
p
ro
te
in
s

1
0
.1
3
1

�0
.6
5
8
**

�0
.4
9
7
*

0
.4
0
1
*

0
.1
0
7

�0
.4
0
4
*

�0
.5
0
1
**

%
S
p
e
rm

a
to
zo

a
w
it
h
fr
a
g
m
e
n
te
d
D
N
A

0
.1
3
1

1
0
.0
4
7

0
.0
7
8

0
.1
2
4

0
.0
5
4

0
.0
3
6

0
.0
4
8

%
V
ia
b
le

sp
e
rm

a
to
zo

a
�0

.6
5
8
**

0
.0
4
7

1
0
.7
8
7
**

�0
.4
0
4
*

�0
.1
8
4

0
.7
8
8
**

0
.7
5
0
**

%
A
cr
o
so
m
e
in
ta
ct

sp
e
rm

a
to
zo

a
�0

.4
9
7
*

0
.0
7
8

0
.7
8
7
**

1
�0

.4
4
8
*

0
.0
4
3

0
.8
0
2
**

0
.7
3
3
**

%
S
p
e
rm

a
to
zo

a
D
C
F+
/P
I�

0
.4
0
1
*

0
.1
2
4

�0
.4
0
4
*

�0
.4
4
8
*

1
0
.1
0
4

�0
.3
6
2

�0
.3
9
5
*

%
S
p
e
rm

a
to
zo

a
E
+
/
Y
O
-P
R
O
-1

�
0
.1
0
7

0
.0
5
4

�0
.1
8
4

0
.0
4
3

0
.1
0
4

1
�0

.0
9
2

�0
.0
5
1

%
T
o
ta
lm

o
ti
le

sp
e
rm

a
to
zo

a
�0

.4
0
4
*

0
.0
3
6

0
.7
8
8
**

0
.8
0
2
**

�0
.3
6
2

�0
.0
9
2

1
0
.9
3
5
**
*

%
P
ro
g
re
ss
iv
e
m
o
ti
le

sp
e
rm

a
to
zo

a
�0

.5
0
1
**

0
.0
4
8

0
.7
5
0
**

0
.7
3
3
**

�0
.3
9
5
*

�0
.0
5
1

0
.9
3
5
**
*

1
(b
) FC

R
in

sp
e
rm

n
u
cl
e
o
p
ro
te
in
s

1
0
.6
4
9
**

�0
.7
8
5
**

�0
.5
8
9
**

�0
.1
3
0

0
.1
5
3

�0
.6
3
9
**

�0
.6
1
9
**

%
S
p
e
rm

a
to
zo

a
w
it
h
fr
a
g
m
e
n
te
d
D
N
A

0
.6
4
9
**

1
�0

.4
8
7
**

�0
.7
9
7
**

�0
.2
1
8

�0
.0
0
8

�0
.8
1
2
**

�0
.8
5
5
**
*

%
V
ia
b
le

sp
e
rm

a
to
zo

a
�0

.7
8
5
**

�0
.4
8
7
**

1
0
.6
4
0
**

0
.0
6
9

�0
.0
8
2

0
.6
0
2
**

0
.4
9
9
**

%
A
cr
o
so
m
e
in
ta
ct

sp
e
rm

a
to
zo

a
�0

.5
8
9
**

�0
.7
9
7
**

0
.6
4
0
**

1
0
.2
8
2

�0
.0
1
9

0
.8
9
6
**
*

0
.8
3
2
**

%
S
p
e
rm

a
to
zo

a
D
C
F+
/P
I�

�0
.1
3
0

�0
.2
1
8

0
.0
6
9

0
.2
8
2

1
0
.0
0
4

0
.2
7
0

0
.2
0
3

%
S
p
e
rm

a
to
zo

a
E
+
/
Y
O
-P
R
O
-1

�
0
.1
5
3

�0
.0
0
8

�0
.0
8
2

�0
.0
1
9

0
.0
0
4

1
�0

.1
2
1

�0
.0
4
6

%
T
o
ta
lm

o
ti
le

sp
e
rm

a
to
zo

a
�0

.6
3
9
**

�0
.8
1
2
**

0
.6
0
2
**

0
.8
9
6
**

0
.2
7
0

�0
.1
2
1

1
0
.8
7
7
**
*

%
P
ro
g
re
ss
iv
e
m
o
ti
le

sp
e
rm

a
to
zo

a
�0

.6
1
9
**

�0
.8
5
5
**
*

0
.4
9
9
**

0
.8
3
2
**

0
.2
0
3

�0
.0
4
6

0
.8
7
7
**
*

1

S
ig
n
ifi
ca
n
ce
s
o
f
co

rr
e
la
ti
o
n
co

e
ffi
ci
e
n
t
(r
)
te
st
a
re

sh
o
w
n
a
s
fo
llo

w
s:
*p

<
0
.0
5
,
**
p
<
0
.0
1
,
**
*p

<
0
.0
0
5
.

© 2013 American Society of Andrology and European Academy of Andrology Andrology, 2014, 2, 88–99 95

GSH AND FIELD FERTILITY OF FT SEMEN ANDROLOGY



Correlation analyses among sperm parameters, fertility and

litter size data

From all of the sperm parameters evaluated after 30 min of

incubation at 37 °C, the levels of free cysteine residues in sperm

nucleoproteins were found to be significantly (p < 0.05) and

negatively correlated with non-return at 21 days, pregnancy

rates at 30 days and farrowing rates (Table 4). In contrast, the

other sperm parameters were not found to be significantly corre-

lated with pregnancy or fertility rates. On the other hand, the lev-

els of free cysteine residues in sperm nucleoproteins and the

percentages of viable and acrosome-intact spermatozoa were

found to be significantly correlated with both TP and AP

(Table 4). Sperm motility data, percentages of viable spermato-

zoa with high intracellular peroxide (DCF+/PI-) and superoxide

(E+/YO-PRO-1�), and percentages of spermatozoa with frag-

mented DNA were not significantly correlated with either fertil-

ity rates or litter sizes at 30 min post-thawing (Table 4).

In the case of sperm parameters evaluated after 240 min of

incubation at 37 °C, levels of free cysteine residues in sperm nu-

cleoproteins, percentages of spermatozoa with fragmented DNA

and percentages of viable and acrosome-intact spermatozoa

were found to be correlated with non-return at 21 days, preg-

nancy rate at 30 days and farrowing rate, and with both TP and

AP (Table 4). In contrast, percentages of progressive motile sper-

matozoa were found to be positively and significantly correlated

with both TP and AP, but not with fertility rates (i.e. non-return

at 21 days, pregnancy rate at 30 days and farrowing rate). Again,

percentages of viable spermatozoa with high intracellular perox-

ide (DCF+/PI�) and superoxide (E+/YO-PRO-1�) levels were not

found to be correlated with fertility rates or litter sizes (Table 4).

Regression analyses among sperm parameters, fertility and

litter size data

Following the stepwise forward model, linear regression equa-

tions between sperm parameters evaluated at 30 or 240 min

post-thawing and fertility rates and litter sizes were worked out

and are shown in Table 5.

In the case of fertility rates, determination coefficients (R2)

were lower than in the case of litter size variables. In addition,

sperm parameters that were included in the model were only

two, namely levels of free cysteine residues in sperm nucleopro-

teins determined both after 30 and 240 min after thawing, and

the percentage of spermatozoa with fragmented DNA at 240 min

post-thawing.

As far as the regression equations for litter sizes (TL and AP),

two parameters evaluated 30 min after incubation at 37 °C were

included in the model (levels of free cysteine residues in sperm

nucleoproteins and percentage of acrosome-intact spermato-

zoa). In the case of 240 min post-thawing, three sperm parame-

ters (levels of free cysteine residues in sperm nucleoproteins,

percentage of spermatozoa with fragmented DNA and percent-

age of viable spermatozoa) rather than two were included in the

model.

Cross-validation through the Jackknife test in the 10 regression

equations depicted in Table 5 showed that they correctly pre-

dicted all of the dependent variables (Logit(NRR21d), Logit

(PR30d), Logit(FR), TP and AP), both the b
_

and b
_J

falling into

95% confidence intervals calculated with the mean of the

pseudo-values and their standard errors (data not shown).

DISCUSSION
Our results strongly indicate that supplementing the freezing

media with 2 mM GSH has a very strong improving effect on the

‘in vivo’ fertilizing ability of boar sperm subjected to freeze-

thawing. This is a very important asset, especially if one takes

Table 3 Fertility performances of sows inseminated with extended, frozen-

thawed control (FT C) or frozen-thawed semen supplemented with 2 mM

GSH (FT GSH)

Extended FT C FT GSH

Non-return rate to estrus 21 days

(NRR21d) (%)

91.4 � 5.1a 67.2 � 3.4b 92.7 � 5.5a

Pregnancy rate at 30 days

(PR30d) (%)

91.4 � 5.1a 67.2 � 3.4b 92.7 � 5.5a

Farrowing rate (FR) (%) 91.4 � 5.1a 67.2 � 3.4b 92.7 � 5.5a

Total piglets born (TP) (n) 14.3 � 0.4a 7.5 � 2.4b 13.0 � 1.0a

Alive born piglets (AP) (n) 13.6 � 0.5a 6.9 � 2.3b 12.4 � 0.9a

Stillborn piglets (SP) (n) 0.8 � 0.1a 0.6 � 0.2a 0.6 � 0.3a

Different superscripts within a row (a, b) mean significant differences between

treatments (i.e. extended, FT C and FT GSH).

Table 4 Correlation analyses (Pearson’s coefficients) of sperm parameters evaluated either at 30 or 240 min post-thawing with fertility rates [non-return

rate at 21 days (NRR21d), pregnancy rate at 30 days (PR30d), farrowing rate (FR)] and litter sizes [total number of piglets born (TP), piglets born alive (AP)

and stillborn piglets (SP)]

Incubation time Sperm parameter Logit(NRR21d) Logit(PR30d) Logit(FR) TP AP SP

30 min Free cystein residues in sperm nucleoproteins �0.339* �0.339* �0.339* �0.471** �0.474** 0.168

% Spermatozoa with fragmented DNA �0.163 �0.163 �0.163 0.054 0.027 �0.139

% Viable spermatozoa 0.274 0.274 0.274 0.373* 0.375* �0.052

Acrosome intact spermatozoa 0.289 0.289 0.289 0.459** 0.459** �0.199

% Spermatozoa DCF+/PI� �0.140 �0.140 �0.140 �0.262 �0.270 0.044

% Spermatozoa E+/ YO-PRO-1� �0.065 �0.065 �0.065 �0.076 �0.057 0.184

% Total motile spermatozoa 0.256 0.256 0.256 0.297 0.292 �0.146

% Progressive motile spermatozoa 0.177 0.177 0.177 0.306 0.307 �0.098

240 min Free cystein residues in sperm nucleoproteins �0.427** �0.427** �0.427** �0.580** �0.590** 0.158

% Spermatozoa with fragmented DNA �0.387* �0.387* �0.387* �0.492** �0.513** 0.029

% Viable spermatozoa 0.321* 0.321* 0.321* 0.526** 0.529** �0.188

Acrosome intact spermatozoa 0.309* 0.309* 0.309* 0.441** 0.445** �0.151

% Spermatozoa DCF+/PI� 0.118 0.118 0.118 0.045 0.031 �0.126

% Spermatozoa E+/ YO-PRO-1� �0.079 �0.079 �0.079 �0.052 �0.061 0.091

% Total motile spermatozoa 0.153 0.153 0.153 0.298 0.296 �0.037

% Progressive motile spermatozoa 0.262 0.262 0.262 0.330* 0.337* �0.118

Significances of correlation coefficient (r) test are shown as follows: *p < 0.05, **p < 0.01.
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into account that sperm cryopreservation has been regarded as

being the most efficient method for storing boar sperm samples

for a long period of time (Holt, 2000). However, a greater utiliza-

tion of this technique has been hampered so far because of its

lower fertility rates and litter sizes when compared with

extended semen, despite all of the efforts being made in this

regard (Almlid & Hofmo, 1995; Johnson et al., 2000; Casas & Flo-

res, 2013). In this way, our results may be relevant to further

develop boar sperm freeze-thawing protocols that could yield ‘in

vivo’ fertility results not far below to those obtained with

extended semen. This is clearly stated by our data, in which the

addition of 2 mM GSH to the freezing media significantly

increased non-return rates at 21 days, pregnancy rates at

30 days and farrowing rates from 67.2 � 3.4% (FT control) to

92.7 � 5.5% (FT GSH). In a similar way, adding 2 mM GSH to the

freezing media also significantly increased the total number of

piglets and the number of piglets born alive. Supporting our

results, another study conducted ‘in vitro’ has demonstrated that

the addition of GSH to the thawing extender is beneficial for

boar frozen-thawed spermatozoa, as it increases the sperm-pen-

etration-to-oocyte ability (Gadea et al., 2004). Taking all of these

results together, and despite this being only a preliminary study,

the finding that 2 mM GSH can greatly improve the ‘in vivo’ fer-

tilizing ability of frozen boar spermatozoa is a very valuable

result.

One issue that still remains undetermined is whether the fer-

tility increase mediated by the GSH addition to frozen-thawed

boar spermatozoa is specifically based on the improvement of

a single, or more than one, sperm parameter. This is one of the

aspects that has led us to evaluate a reasonably wide array of

separate boar semen quality parameters. Such sperm parame-

ters were evaluated before and after 30 and 240 min of freeze-

thawing, the latter post-thawing time being set both to ensure

the survival of FT spermatozoa within the insemination-to-

ovulation interval recommended for cryopreserved doses

(Waberski et al., 1994; Casas et al., 2010) and as a sperm resis-

tance probe. When considering the results of all of these sperm

parameters, cryopreservation, as expected, causes a general

impairment of boar sperm function and survival. This impair-

ment includes damage in the nucleoprotein structure,

reduction in sperm viability, motility and acrosome integrity,

and a slight increase in intracellular peroxide levels. Most of

this damage is visible after 30 min of thawing at 37 °C, but the
case of DNA fragmentation is particularly noteworthy, as dam-

age is only observed at 240 min post-thawing. Of course, these

data are not new and match other previous reports (Casas

et al., 2009; Yeste et al., 2012, 2013). In fact, it is widely known

that sperm cryopreservation impairs sperm quality not only in

porcine but also in other mammalian species (Baumber et al.,

2003).

Another question concerns the mechanism/s by which GSH is

able to counteract, at least partially, boar sperm cryodamage. On

this point, it is well-known that GSH has a strong counteracting

effect on the cryopreservation-induced alterations of the sperm

nucleoprotein structure and DNA integrity (Tuncer et al., 2010;

Yeste et al., 2012). The relationship between the overall sperm

nucleoprotein structure and DNA integrity is highlighted by our

results. Thus, percentages of spermatozoa with fragmented DNA

at 240 min post-thawing were correlated with the levels of free

cysteine residues in sperm nucleoproteins. In addition, percent-

ages of spermatozoa with fragmented DNA at 240 min post-

thawing were also included in all of the regression equations that

were set from the sperm parameters evaluated at this time-

point.

From our results, however, it is not possible to know exactly

how GSH improves boar sperm fertilizing ability. This is because

of the fact that GSH does not only maintain nucleus integrity but

also keeps membrane integrity (plasmalemma and acrosome

membrane) and sperm motility, even though with a lesser inten-

sity. Despite this, the joint study of data from fertility trials and

sperm quality through correlation and regression analyses sug-

gests that the beneficial effects of GSH are mainly related to the

stabilization of the sperm nucleoprotein structure. Indeed, Pear-

son correlation coefficients and their significance tests are the

highest when fertility rates (NRR21d, PR30d and FR) or both TP

and AP are correlated with the levels of free cysteine residues in

boar sperm nucleoproteins, as an indirect measurement of the

integrity of the sperm nucleoprotein structure. Furthermore,

when linear regression equations are worked out through a step-

wise model, the statistical weight of the integrity of the

Table 5 Multiple regression analyses of fertility rates (NRR21d, PR30d and FR) or litter sizes (TP, AP and SP) with sperm parameters evaluated either at 30 or

240 min post-thawing. Regression equations, together with determination coefficients (R2) and F and p values of the model are depicted

Regression equation R2 R F p value model

NRR21d
30 min Logit (NRR21d) = �0.52(FCR30) + 5.90 0.11 0.34 5.20 <0.05
240 min Logit (NRR21d) = �0.37(FCR240) � 0.40(SDF240) + 7.30 0.20 0.45 4.97 <0.05

PR30d
30 min Logit (PR30d) = �0.52(FCR30) + 5.90 0.11 0.34 5.20 <0.05
240 min Logit (PR30d) = �0.37(FCR240) � 0.40(SDF240) + 7.30 0.20 0.45 4.97 <0.05

FR

30 min Logit (FR) = �0.52(FCR30) + 5.90 0.11 0.34 5.20 <0.05
240 min Logit (FR) = �0.37(FCR240) � 0.40(SDF240) + 7.30 0.20 0.45 4.97 <0.05

TP

30 min TP = �0.61(FCR30) + 0.11(ACR30) + 6.79 0.30 0.55 8.42 0.001

240 min TP = �0.46(FCR240) � 0.56(SDF240) + 0.07(VB240) + 12.67 0.37 0.61 7.58 <0.001
AP

30 min AP = �0.59(FCR30) + 0.10(ACR30) + 6.43 0.30 0.55 8.49 0.001

240 min AP = �0.44(FCR240) � 0.60(SDF240) + 0.06(VB240) + 12.36 0.39 0.62 8.11 <0.001

NRR21d, non-return rate after 21 days of insemination; PR30d, pregnancy rate after 30 days of insemination; FR, farrowing rate; TP, total piglets born; AP, live-born pig-

lets; FCR, free cysteine radicals in sperm nucleoproteins; SDF, % spermatozoa with fragmented DNA; VB, % viable spermatozoa, ACR, % acrosome-intact

spermatozoa.
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nucleoprotein structure is the highest. As such, all 10 regression

equations included this parameter as an independent variable.

This finding emphasizes the relevance of the integrity of the

nucleoprotein structure (e.g. free cysteine residues in sperm

nucleoproteins at 30 min post-thawing, FT C: 6.1 � 0.4 vs. FT

GSH: 3.0 � 0.2) when linked to the fertilizing ability of a given

ejaculate and to the increase in field fertility and prolificacy (FR,

FT C: 67.2 � 3.4 vs. FT GSH: 92.7 � 5.5; AP, FT C: 6.9 � 2.3 vs.

FT GSH: 12.4 � 0.9). On the contrary, the GSH-mediated

increases in sperm viability, motility and acrosome-integrity

(e.g. Sperm viability at 30 min post-thawing, FT C: 48.3 � 1.9 vs.

FT GSH: 60.9 � 2.5) are linked to a much lesser extent to the

analysed ‘in vivo’ fertilizing ability parameters. These results

suggest that the effects of GSH on the maintenance of the boar

sperm nucleoprotein structure after freeze-thawing are, among

all of the analysed effects, those most related to the improving

action of GSH on boar sperm fertilizing ability. Therefore, we

can reasonably hypothesize that one of the most important

mechanisms by which the addition of GSH increases fertility and

prolificacy of frozen-thawed spermatozoa is the protection of

the nucleoprotein structure and subsequent DNA integrity. In

this regard, it is worth noting that previous reports have empha-

sized the relevance of chromatin integrity on sperm fertilizing

ability (Silva & Gadella, 2006), and that the oviductal selection

mechanisms in the establishment of sperm reservoir, so impor-

tant in eutherian mammals (Yeste, 2013), have been reported to

be endowed with stable and non-fragmented chromatin struc-

ture (Ard�on et al., 2008). All of these data appear to highlight the

importance of a correct nucleoprotein structure to explain boar

sperm fertilizing ability.

Nonetheless, this finding does not preclude that other sperm

parameters, such as sperm viability or acrosome integrity, were

included in regression equations predicting litter sizes (TP and

AP), despite not being in those predicting fertility rates. On the

other hand, sperm progressive motility after 240 min of incuba-

tion was found to be correlated with litter sizes, but not included

in any of the regression equations set, and the parameters evalu-

ating intracellular levels of peroxides and superoxides were not

correlated with either fertility rates or litter sizes. All of these

data also emphasize the relevance of sperm viability and acro-

some integrity in sperm fertilizing ability, and at the same time

suggest that GSH acts primarily on nucleoprotein structure and,

to a lesser extent, on membrane integrity of frozen-thawed boar

sperm rather than on ROS levels. The low production of H2O2

and O2
�● in boar spermatozoa owing to freeze-thawing proce-

dures observed in this and other studies (Guthrie & Welch, 2006;

Kim et al., 2011; Yeste et al., 2012), along with the effects of

2 mM GSH on intracellular ROS levels, raise, in fact, reasonable

doubts about the real role of these ROS in the fertilizing ability of

boar frozen-thawed spermatozoa.

CONCLUSION
In conclusion, supplementing freezing media with 2 mM GSH

improves the fertilizing ability of frozen-thawed boar semen,

and it is suggested to be used to improve ‘in vivo’ fertility perfor-

mance when utilizing cryopreserved boar spermatozoa. This

improvement appears to be related to the protection effect of

GSH on the integrity of the nucleoprotein structure and DNA

fragmentation and, to a lesser extent, on the general function of

the sperm cell.
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