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a b s t r a c t

Antioxidants have a potential to improve the quality and fertility of refrigerated-stored
ram semen. Reduced glutathione (GSH) and Trolox (0.2, 1 and 5 mM) were evaluated in
ram semen preserved at 15 and 5 ◦C up to 48 and 96 h, respectively. Extenders were also
evaluated (15 ◦C: Tris-citrate-fructose, TCF, without lipids, and TES-Tris-fructose 10% egg
yolk, TTF-EY; 5 ◦C: TTF-EY and 3.5% soybean lecithin, TTF-SL; INRA96 at both temperatures).
Storage at 5 ◦C resulted in poorer quality than 15 ◦C up to 48 h, while allowing acceptable
quality at 96 h. Antioxidants had few effects on sperm quality, with use of Trolox result-
ing in reduced motility and viability in TCF. Storage at 15 ◦C in the TCF extender resulted
in decreased motility, viability and mitochondrial activity compared with use of TTF-EY.
Sperm quality when storage was at 5 ◦C was similar, but storage in TTF-SL resulted in
decreased motility and mitochondrial activity. Acrosomal status was only slightly affected
by extender and antioxidant. Mitochondrial activity was improved by antioxidants in TTF-
SL, and GSH at 5 mM when semen was stored at 5 ◦C in TTF-EY. A preliminary artificial
insemination trial indicated that supplementation with GSH has the potential for improving
lambing (P < 0.1). In conclusion, use of antioxidants resulted in lesser effects than extender
composition or storage time on quality of ram semen. Use of Trolox negatively impacted
sperm quality and GSH had some positive impacts. The use of soybean lecithin requires
further research to assess its impact on mitochondria.
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1. Introduction 28

An increasing number of antioxidants has been tested 29

during the last two decades in relation to semen quality. 30

However, with some promising results for adding antiox- 31

idants either to the diet (Contri et al., 2011; Speight et al., 32

2012) or to extenders (Coyan et al., 2011; Domínguez- 33

Rebolledo et al., 2010; Nasiri et al., 2012; Vallorani et al., 34

http://dx.doi.org/10.1016/j.anireprosci.2014.10.006
0378-4320/© 2014 Published by Elsevier B.V.
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2010), these substances have not attained widespread use.35

The reason is the variability of results, with many stud-36

ies showing little improvement (Foote et al., 2002) or37

even detrimental effects (Mata-Campuzano et al., 2012a,b)38

on sperm quality. Most importantly, studies where fertil-39

ity has been evaluated have not provided positive results40

(Bucak et al., 2010; Foote et al., 2002; Memon et al.,41

2012; Tuncer et al., 2010). With these circumstances, the42

potential benefits do not compensate for the cost of sup-43

plementing the diet or extenders with antioxidants.44

Nevertheless, there are some situations where the45

application of antioxidants seems promising in terms of46

improved sperm quality and fertility (Xia et al., 2012). One47

of these situations is with the use of liquid semen (refrig-48

erated) for artificial insemination (AI) of sheep. Despite of49

many technical advances in the last decades, AI in sheep has50

not achieved the widespread use that has occurred in the51

cattle or swine industries. Low economical return, variable52

fertility rates and more rapid loss of semen quality with53

storage time are important obstacles for the routine use54

of these techniques (Anel et al., 2006; Druart et al., 2009;55

Faigl et al., 2012; Palacín et al., 2012; Salamon and Maxwell,56

2000). Lengthening the usable time of the semen doses57

would allow for increasing the interval from sperm col-58

lection to use in AI programs. This could benefit logistics59

(transport at long distances) while improving the results60

obtained by vaginal or cervical AI. Whereas it is true that61

semen cryopreservation offers advantages regarding man-62

agement and transport of the semen, fertility results in63

sheep remain unsatisfactory, unless laparoscopic insemi-64

nation (LAI) is used. This complicates the use of semen in65

AI programs, and moreover the LAI procedure is currently66

banned for use in several countries (Faigl et al., 2012).67

Reducing the storage temperature from 15 to 5 ◦C has68

allowed for lengthening of semen storage while maintain-69

ing viability of sperm cells. However, O’Hara et al. (2010)70

have shown that storage at 15 ◦C was more advantageous71

than storage at 5 ◦C for short times, although storage at72

5 ◦C yielded greater fertility at 72 h (blastocyst develop-73

ment after IVF). It is possible that many factors affect74

the sperm physiology during storage, and this scenario75

offers an important opportunity to test protective com-76

pounds such as antioxidants. With previous research, it77

has been suggested that adding antioxidants – either enzy-78

matic (Maxwell and Stojanov, 1996) or non-enzymatic79

(Bucak et al., 2012; Mara et al., 2005) – could benefit the80

quality and fertility of ram semen after liquid storage at81

different temperatures. Therefore, a study was previously82

performed on the effects of the antioxidants Trolox and83

reduced glutathione (GSH) during cooled storage at 5 ◦C84

and 15 ◦C. Trolox, an analog of vitamin E, has been suc-85

cessfully tested for controlling lipid peroxidation in ram86

sperm during cryopreservation (Maia et al., 2010), and87

thiols have been proved to be excellent radical scavengers88

and blockers of lipid peroxidation (Deneke, 2000). Indeed,89

some studies have demonstrated that GSH is very effective90

in protecting mammalian sperm against oxidative stress91

(Bilodeau et al., 2001). Both antioxidants were previously92

evaluated, obtaining promising results, although results93

depended on the experimental setting (Anel-López et al.,94

2012; Domínguez-Rebolledo et al., 2010).95

In the present study, the effect of extender composi- 96

tion on storage and antioxidant effects was also considered. 97

When reducing the temperature, cold shock can greatly 98

diminish sperm quality. Whereas antioxidants could pre- 99

vent this effect by scavenging free radicals produced by 100

the events associated with cooling, extender supplements 101

are used to protect sperm membranes (Bergeron and 102

Manjunath, 2006), and could also prevent production of 103

free radicals and even improve the effects of antioxidants 104

(Alvarez-Rodríguez et al., 2013; Pérez-Pé et al., 2001). 105

Thus, for each storage temperature extenders with dif- 106

ferent composition were evaluated. At 15 ◦C, a Tris-citric 107

acid-fructose (TCF) extender, typically used for short-term 108

ram semen storage, and a TES-Tris-fructose (TTF) with 10% 109

egg-yolk (TTF-EY). For the preservation at 5 ◦C, the TTF 110

extender, supplemented with egg yolk (TTF-EY) or with 111

3.5% of soybean lecithin (TTF-SL) was used. Egg yolk is 112

well known to protect sperm membranes during cooling 113

and freezing (Bergeron and Manjunath, 2006), but lecithins 114

could be a suitable option for this purpose also (Watson, 115

1981), having been proposed as a hygienic and effective 116

alternative to products of animal origin (Emamverdi et al., 117

2013; Forouzanfar et al., 2010). Indeed, there are avail- 118

able commercial extenders based on soybean lipids that 119

have been successfully used for ram semen chilled storage 120

(Khalifa et al., 2013). 121

2. Materials and methods 122

2.1. Reagents and media 123

Mitotracker Deep Red, SYBR-14 and YO-PRO-1 iodide 124

were purchased from Invitrogen (Carlsbad, CA, USA). Other 125

chemicals such as propidium iodide (PI), PNA-FITC (peanut 126

agglutinin conjugated with fluorescein isothiocyanate), 127

DMSO and extender components were purchased from 128

Sigma (St. Louis, MO, USA). Stock solutions of fluorescence 129

probes were prepared in DMSO at 1 mM, except YO-PRO-1 130

(75 !M), PI (1 mg/mL in water) and PNA-FITC (0.2 mg/mL 131

in water). These stocks were kept at − 20 ◦C and in the 132

dark. Flow cytometry equipment, software and consuma- 133

bles were purchased from Becton Dickinson (San Jose, CA, 134

USA). 135

2.2. Experimental design 136

Semen was collected, assessed, pooled and placed as 137

different aliquots in tubes to assess the effect of the antiox- 138

idants GSH and Trolox at 0.2, 1 and 5 mM concentrations 139

in refrigerated storage at two temperatures using different 140

extenders as depicted in Fig. 1. Semen was placed in four 141

tubes and diluted at 400 × 106 sperm/mL with extenders: 142

TCF (Tris 274 mM, citric acid 90 mM, fructose 53 mM), 143

two tubes with TTF-EY (TES 224 mM, Tris 85 mM, fructose 144

13 mM, adding 10% clarified egg yolk), and TTF-SL (TTF 145

adding 3.5% of soybean lecithin). Aliquots taken from each 146

tube were placed in seven tubes. One tube served as a 147

control, and GSH or Trolox at 0.2, 1 or 5 mM concentrations 148

was placed in the other six tubes. Two other aliquots 149

were prepared by extending the semen with the com- 150

mercial extender INRA96 (IMV, L’Aigle, France), without 151
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Fig. 1. Experimental design followed in this study. The pooled semen was split among four treatments (two extenders, two temperatures), and then among
a control and six antioxidant treatments, and analyzed at different storage times. The full schematics is only shown for TCF with GSH 5 mM and at 15 ◦C,
the procedure being the same for the other combinations (including a sampling time at 96 h for samples at 5 ◦C). Part of the semen was extended in INRA96
and stored at both temperatures for comparison with the respective controls.

antioxidants. One aliquot was stored in TCF, TTF-EY or152

INRA96 and was stored at 15 ◦C, whereas the other aliquots153

that were stored in TTF-EY, TTF-SL or INRA96 were stored154

at 5 ◦C.155

The extender × temperature combinations were evalu-156

ated so that suitability of each extender for storage at the157

two temperatures could be assessed. Storage with TCF is158

not adequate at 5 ◦C because of the lack of supplements to159

allow for sperm viability at this temperature. INRA96 was160

included because this experiment was conducted within an161

insemination program that was using this extender as the162

standard for storing semen, and thus INRA96 was used for163

comparison with the controls of TCF, TTF-EY and TTF-SL.164

At 6, 24, 48 and 96 h of storage, samples were assessed165

for: motility (CASA), acrosomal status (PNA-FITC/PI),166

membrane permeability and mitochondrial activity (YO-167

PRO-1/PI/Mitotracker deep red). The experiment was168

replicated six times in consecutive weeks.169

Insemination doses for the pilot AI trial (control, GSH170

1 mM and Trolox 5 mM) were prepared after 6 h of storage171

from the samples stored in TCF at 15 ◦C, and at 6, 24 and172

48 h of storage from the samples stored in TTF-SL extender173

at 5 ◦C. Only these treatments could be tested, due to the174

number of ewes available (few ewes could be diverted from175

the standard AI program).176

2.3. Semen collection and preservation177

Animals used for semen collection were five Churra178

breed adult males (2–5 years of age), all of proven fertil-179

ity and trained for semen collection by artificial vagina.180

The rams were housed in an AI center (Diputación de León,181

Spain) complying with Spanish and European regulations.182

Semen collection was performed during the breeding sea-183

son (autumn). Ejaculates were collected by artificial vagina184

(water at 40 ◦C), and the tubes were maintained in a water185

bath at 35 ◦C during the initial evaluation of semen qual-186

ity: volume, mass motility (assessed by microscopy with a187

warming stage at 37 ◦C, ×40; score: 0–5), and sperm con-188

centration (assessed by the photocolorimetric method at189

540 nm, using a specifically calibrated scale). Only ejacu- 190

lates of acceptable quality were used (volume: ≥0.5 mL; 191

mass motility: ≥4; sperm concentration: ≥3000 × 106 192

sperm/mL). Ejaculates from each collecting session were 193

pooled before semen extension procedures were used. 194

2.4. Motility analysis 195

Motility analysis was performed using the CASA soft- 196

ware ISAS v. 1.2 (Integrated Semen Analyser System; 197

Proiser, Valencia, Spain). Samples were diluted in PBS 198

(10–20 × 10 cells/mL) and warmed to 37 ◦C on a plate. Then, 199

5 !L were placed in a Makler counting chamber (10 !m 200

depth; Sefi Medical Instruments, Haifa, Israel) and exam- 201

ined at ×10 (negative phase contrast) in a microscope with 202

a warmed stage (37 ◦C). The standard parameter settings 203

were set at 25 frames/s; 20 to 90 !m for head area and 204

VCL (velocity according to the actual path) >10 !m/s to 205

classify a sperm cell as motile. From each sample, images 206

were saved and subsequently analyzed. The software ren- 207

dered the percentage of motile sperm and standard CASA 208

kinematic parameters: VCL (!m/s), VSL (velocity according 209

to the straight path, !m/s), VAP (velocity according to the 210

smoothed path, !m/s), LIN (linearity, %), STR (straightness, 211

%), WOB (wobble, %), ALH (amplitude of the lateral displace- 212

ment of the sperm head, !m) and BCF (head beat-cross 213

frequency, Hz). 214

2.5. Assessment of sperm physiology by flow cytometry 215

2.5.1. Plasma membrane integrity 216

Plasma membrane integrity (viability) was assessed 217

using the SYBR-14/PI combination. Samples were prepared 218

at 10 mL in PBS with 100 nM SYBR-14 and 2.5 !g/ml PI. 219

After 15 min at 37 ◦C in the dark, samples were analyzed. 220

Sperm were classified among: Viable (SYBR-14+/PI− ), 221

moribund (SYBR-14+/PI+) and dead (SYBR-14-/PI+). The 222

percentage of viable sperm (VIAB) was used for further 223

analysis. 224
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2.5.2. Acrosomal integrity225

The integrity of the acrosome was estimated using the226

lectin peanut agglutinin (PNA) combined with fluorescein227

isothiocyanate (FITC). Cells were prepared at 10 mL in PBS228

with 10 !g/mL PNA-FITC and 2.5 !g/ml PI. After 15 min229

at 37 ◦C in the dark, samples were analyzed. Sperm were230

classified as: viable, acrosome-intact (PNA-/PI− ); viable,231

acrosome-damaged (PNA+/PI− ); dead, acrosome-intact232

(PNA-/PI+); and dead, acrosome-damaged (PNA+/PI+). The233

percentage of sperm with a damaged acrosome (ACR) was234

used for further analysis.235

2.5.3. Mitochondrial activity236

Sperm mitochondrial function was assessed using237

Mitotracker deep red. This dye is readily sequestered238

in mitochondria, and emits red fluorescence in active239

mitochondria (high mitochondrial membrane potential).240

Samples were prepared at 10 mL in PBS with 100 nM Mito-241

tracker deep red and 0.1 !M YO-PRO-1. After 15 min at242

37 ◦C in the dark, samples were analyzed, assessing the pro-243

portion of viable spermatozoa with greater mitochondrial244

activity (YO-PRO-1− /Mitotracker+).245

2.5.4. Plasma membrane permeability246

Variations of plasma membrane permeability were247

assessed using the YO-PRO-1/PI combination (PI identi-248

fies YO-PRO-1+ spermatozoa with extensive membrane249

damage). Samples were prepared at 10 mL in PBS with250

100 nM YO-PRO-1 and 2.5 !g/ml PI. After 15 min at251

37 ◦C in the dark, samples were analyzed. Sperm were252

classified as: viable, normal membrane permeability (YO-253

PRO-1− /PI− ); viable, increased membrane permeability254

(YO-PRO-1+/PI− ); and dead (YO-PRO-1+/PI+). The per-255

centage of “apoptotic” sperma within the viable sperm256

(YO-PRO-1+ within PI− ) category was used for further anal-257

ysis.258

2.5.5. Flow cytometer configuration259

Flow cytometric analyses were conducted on a FACScal-260

ibur (Becton Dickinson Immunochemistry Systems, San261

Jose, CA, USA). Green fluorescence from SYBR-14, YO-PRO-262

1 and PNA-FITC was read with the FL1 photodetector263

(530/30BP filter). Red fluorescence from PI was read with264

the FL3 photodetector (670LP filter). These fluorochromes265

were excited using the Ar-ion blue laser (488 nm). Mito-266

tracker Deep Red was excited using a 633 nm He–Ne laser,267

and its red fluorescence was read with the FL4 photodetec-268

tor (670/40BP filter). Fluorescence data were displayed in269

logarithmic mode using the Cell Quest Pro 3.1 software (BD270

Biosciences). Ten thousand events were collected per sam-271

ple, with a flow rate of 200 cells/s, using a gate in forward272

and side scatter to exclude debris and aggregates from the273

analysis. The analysis of the flow cytometry data was con-274

ducted using Weasel v. 3.0.1 (WEHI, Melbourne, Australia).275

2.6. Insemination procedures276

Churra ewes (2–5 years old) kept at 10 farms were277

inseminated during the breeding season (autumn) within278

an AI program. A subset of the ewes were inseminated279

with doses extended in TCF and stored 6 h at 15 ◦C or280

extended in TTF-SL and stored 6, 24 or 48 h at 5 ◦C, and 281

only with Control, GSH 1 mM and Trolox 5 mM treatments, 282

because of the small number of ewes available (due to the 283

requirements of the AI campaign). Estrous induction and 284

synchronization were conducted by applying intravaginal 285

sponges with 40 mg fluorogestone acetate (Chronogest; 286

Intervet, Madrid, Spain) for 14 days. Sponges were removed 287

and the ewes received an intramuscular injection with 288

500 IU eCG (Folligon1; Intervet, Madrid, Spain). Vaginal AI 289

was conducted by four experienced technicians at 55 ± 1 h 290

after the removal of the sponges. The semen (300 × 106 291

sperm) was deposited as deep as possible. Pregnancy was 292

diagnosed by ultrasonic assessments at 35 to 38 day after 293

insemination. Ewes lambing as a result of AI were deter- 294

mined according to the births that occurred between 137 295

and 154 days post-insemination. 296

2.7. Statistical analysis 297

Data were analyzed with the R statistical environment 298

(R Core Team, 2014). The linear mixed-effects model was 299

used to analyze the effects of storage temperature, stor- 300

age time, extender and antioxidant supplementation (fixed 301

effects in the different models tested), using the repli- 302

cate as the grouping factor in the random part of the 303

models. Results are reported as the mean ± SEM unless oth- 304

erwise stated. Fertility data were analyzed by using logistic 305

regression. Because farm, inseminator and ram could act 306

as confounding factors, this was taken into account in the 307

model. 308

3. Results 309

3.1. Effects of storage temperature and extender 310

The effects of temperature were established by analyz- 311

ing a full model with a subset of the data (only controls – no 312

antioxidants added –, extenders INRA96 and TTF-EY and up 313

to 48 h). No interactions were detected, and, therefore, fac- 314

tors were studied as main effects (Table 1). Storage at 15 ◦C 315

yielded greater quality sperm cells than when storing at 316

5 ◦C (significant differences for total motility, progressive 317

motility, viability and acrosomal damage). Semen quality 318

steadily decreased with storage time (less than 10% on the 319

average for motility, viability and acrosomal integrity). 320

For studying the effects of extender and time, data from 321

5 and 15 ◦C were analyzed separately. CASA parameters 322

(Fig. 2) decreased with storage time. At 15 ◦C, total motility 323

(Fig. 2a) was less in TCF (P < 0.05 overall), but no differences 324

were detected with storage at 5 ◦C between the extend- 325

ers (Fig. 2a). Progressive motility was greater when INRA96 326

was used as the extender for shorter storage times at both 327

temperatures (Fig. 2c and d), but these results were affected 328

by storage time to a greater extent than with the other 329

extenders. With the other extenders, results for progres- 330

sive motility were similar when storage occurred for 24 h 331

at 15 ◦C and 48 h at 5 ◦C. When storage was for 96 h at 5 ◦C, 332

values when TTF-SL was used as the extender were slightly 333

greater with an overall progressive motility of 9.8 ± 1.6%. 334

The analysis of viability at 15 ◦C indicated there was an 335

important interaction between storage time and extender, 336
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Table 1
Effects of temperature and storage time on semen quality (no antioxidant added; storage up to 48 h)a.

Temperature Time

5 ◦C 15 ◦C Effect 6 h 24 h 48 h Effect

MOT (%) 75.0 ± 0.7 83.5 ± 0.7 P < 0.001 82.8 ± 0.7 79.2 ± 0.8 75.7 ± 0.8 P < 0.001
PROG (%) 26 ± 0.8 41.5 ± 1.1 P < 0.001 35.7 ± 1.5 34.6 ± 0.9 31 ± 1.7 P < 0.001
VIAB (%) 69.6 ± 0.8 84.4 ± 0.7 P < 0.001 79.2 ± 0.5 77.1 ± 0.4 75 ± 0.5 P = 0.012
ACR (%) 8.8 ± 0.3 6.3 ± 0.3 P < 0.001 6.7 ± 0.1 7.7 ± 0.1 8.4 ± 0.2 P = 0.044
APOP ratio (%) 2.9 ± 0.2 2.7 ± 0.2 P = 0.607 2.5 ± 0.2 3 ± 0.3 2.9 ± 0.2 P = 0.012
MITO (%) 56.6 ± 1.4 65.6 ± 1.5 P = 0.587 67.8 ± 1.2 64.8 ± 1 52.2 ± 1.5 P = 0.005

MOT: total motility; PROG: progressive motility; VCL: curvilinear velocity; VIAB: viability (SYBR-14+/PI− ); ACR: damaged acrosomes (PNA-FITC+); APOP
ratio: proportion of “apoptotic” spermatozoa within the viable population (YO-PRO-1/PI); MITO: proportion of spermatozoa with active mitochondria
(Mitotracker deep red+).

a Semen quality was greater when stored at 15 ◦C overall, and decreased steadily with storage time; no interactions were detected, therefore, results are
provided as main effects.
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Fig. 2. Results for motility and viability in the first analysis (effects of temperature, extender and storage time, only controls). INRA96 and TTF-EY were
used at both temperatures, whereas TCF was only used at 15 ◦C and TTF-SL was only used at 5 ◦C. Storing the samples at 5 ◦C yielded a lower sperm quality
overall. When the interaction between extender and storage time was significant, letters show significant differences between extenders within each time,
and insets show the effect of time for each extender (if P < 0.05). If no interaction was detected, insets show results for main effects when significant.
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Fig. 3. Results for acrosomal status, “apoptotic” ratio and mitochondrial activity in the first analysis (continued from Fig. 2). Storing the samples at 5 ◦C
yielded a lower sperm quality overall, whereas storage time lowered sperm quality, although in most cases the variables changed slowly. When the
interaction between extender and storage time was significant, letters show significant differences between extenders within each time, and insets show
the effect of time for each extender (if P < 0.05). If no interaction was detected, insets show results for main effects when significant.

due to INRA96 values decreasing at a greater rate than with337

the other extenders (Fig. 2e). This resulted in an impor-338

tant difference at 48 h between INRA96 (67.9 ± 2.6%) and339

the other extenders (84.3 ± 0.7%; P < 0.001). When storage340

was at 5 ◦C, an effect of time was not detected with use341

of TTF-SL resulting in a greater viability (Fig. 2f). The pro-342

portion of damaged acrosomes was less when TTF-EY was343

used as an extender and storage was at 15 ◦C (no effect344

of time, Fig. 3a) and greater when INRA96 was used as345

the extender and storage was at 5 ◦C (Fig. 3b), with use of346

TTF-SL resulting in lesser values. The proportion of sperm347

with apoptotic features was minimal in all cases (Fig. 3c348

and d), not being affected by the type of extender and349

increasing slightly with time when semen storage was 350

at 5 ◦C. In contrast, the proportion of sperm with active 351

mitochondria was noticeably less with TCF as the extender 352

when semen was stored at 15 ◦C (Fig. 3e) and with TTF-SL 353

as the extender when storage was at 5 ◦C (Fig. 3f). 354

3.2. Effects of antioxidants on 15 ◦C storage 355

The effects of the antioxidants, extenders and storage 356

time were analyzed using a full model considering all 357

interactions, focusing especially on those interactions 358

involving the antioxidant treatments. Table 2 shows a 359

summary of the results, with between-extender and 360
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between-treatment differences (whenever interactions361

between the extender and the antioxidant treatment362

were significant). There were no interactions occurred363

between treatment and time-of-storage, therefore, this364

information is not included in the presentation of results365

(additional information in Supplementary material,366

Fig. S1).367

Analyses of total motility, viability and acrosomal status368

indicated there were significant interactions between the369

extender and the antioxidant treatments, although these370

interactions were different for each variable. Total motil-371

ity was greater when TTF-EY was used as the extender372

as compared to when TCF was the extender, but differ-373

ences were greater in the samples supplemented with374

5 mM GSH and Trolox, because with these treatments375

there was a further decrease in motility in samples stored376

in TCF (effects P < 0.05 compared with the control). This377

effect was not detected with use of TTF-EY as the extender378

(overall motility of 83.7 ± 0.8%). Viability of sperm was379

similar when the two extenders (85.2 ± 0.2%) were used380

with a significant difference only when GSH was used at381

0.2 mM concentration. However, inclusion of Trolox sig-382

nificantly decreased the sperm viability with use of TCF383

as the extender, but only by 2% (overall for the three384

concentrations). Acrosomal damage was greater with the385

use of TCF for all treatments, with inclusion of Trolox at386

the 5 mM concentration resulting in an increased acroso-387

mal damage as compared with the control, whereas with388

TTF-EY this effect was noted at all GSH concentrations389

and with Trolox at 5 mM. However, the effects due to the390

antioxidant treatments were minimal (on average, about391

1%).392

Progressive motility and the apoptosis ratio were not393

affected by the antioxidant treatment or by its interaction394

with the extender. Mitochondrial activity was considerably395

greater with TTF-EY (no interactions, Table 2).396

3.3. Effect of antioxidants on 5 ◦C storage 397

Results obtained in the 5 ◦C experiment were analyzed 398

in the same manner as described previously (summary 399

Table 3, with additional information in the Supplemen- 400

tary material, Fig. S2). Interactions were only detected 401

for acrosomal damage and mitochondrial status. Acroso- 402

mal damage was greater when TTF-EY was used as the 403

extender in all cases, but average values were mostly 404

less than 10%. The antioxidant supplementation had an 405

effect with both extenders, but effects were different with 406

the two extenders. Inclusion of GSH at all concentra- 407

tions increased the proportion of sperm with acrosomal 408

damage (respect to the control) when the extender was 409

TTF-EY, but these treatments decreased acrosome dam- 410

age when the extender was TTF-SL. The supplementation 411

with Trolox at 0.2 mM slightly decreased acrosomal dam- 412

age when the extender was TTF-SL. Mitochondrial activity 413

was dramatically decreased when the extender was TTF- 414

SL compared with TTF-EY. All the antioxidant treatments 415

improved mitochondrial status with the TTF-SL extender, 416

especially at 5 mM. Supplementation of the extender with 417

GSH at 5 mM increased the proportion of sperm with active 418

mitochondria when TTF-EY was used as the extender. 419

For the rest of the variables, no interactions were 420

detected. Total sperm motility was greater when TTF-EY 421

was used as the extender, whereas viability was greater 422

with the TTF-SL extender. Progressive motility and the 423

apoptotic ratio were not affected, by the antioxidant treat- 424

ment or by the extender. 425

3.4. Fertility trials 426

During the insemination program, a total of 309 ewes 427

were included in the pilot fertility trial. There were 428

small differences between treatments (Table 4), with no 429

Table 2
Interactions of the extenders and the antioxidant treatments and their effects on semen stored at 15 ◦C (no interactions with storage time). Mitochondrial
status was not affected by the antioxidant treatment and, therefore, effect of the extender was assessed as a main effect. Progressivity and the apoptotic
ratio were not affected by neither factor.

Extender Antiox. Conc. MOT (%) PROG (%) VIAB (%) ACR (%) APOP ratio (%) MITO (%)

TCF Control 75.7 ± 1.9 44.8 ± 3.2 85.8 ± 0.3 8.7 ± 0.3 2.4 ± 0.2 26 ± 3.5
GSH 0.2 75.2 ± 2.5 46.9 ± 2.9 86.6 ± 0.3 8.4 ± 0.3 2.2 ± 0.3 24.4 ± 4.7

1 74.1 ± 2.1 46.2 ± 2.5 86.4 ± 0.5 8.2 ± 0.2 1.9 ± 0.2 23.1 ± 3.7
5 68.3 ± 2.6* 43.7 ± 2.9 85.8 ± 0.6 8.3 ± 0.2 1.7 ± 0.2 22.4 ± 3.5

G Trolox 0.2 60.4 ± 2*** 34.8 ± 2.9 83.4 ± 0.8*** 9 ± 0.3 3.2 ± 0.3 25.8 ± 3.2
1 67.5 ± 2.6* 39 ± 3.4 84.2 ± 0.5** 8.9 ± 0.3 2.6 ± 0.3 25.5 ± 2.7
5 65.5 ± 2.4*** 35.7 ± 3.2 83.8 ± 0.5*** 9.8 ± 0.3** 2.6 ± 0.4 19.6 ± 3.1

TTF-EY Control 84.3 ± 1.8 40 ± 3.2 85.3 ± 0.4 5.1 ± 0.2 2.4 ± 0.4 63.3 ± 4.1
GSH 0.2 82.5 ± 1.2 37.3 ± 3 84.5 ± 0.6 6.1 ± 0.3*** 3.4 ± 0.6 64.7 ± 3.5

1 84 ± 1.4 42.2 ± 2.8 84.7 ± 0.9 6.1 ± 0.3*** 2.2 ± 0.4 67.3 ± 3.6
5 83.6 ± 1.4 44 ± 2.3 86 ± 0.4 7 ± 0.2*** 2.5 ± 0.4 69 ± 2.9

G Trolox 0.2 84 ± 1.4 40.2 ± 2.8 84.9 ± 0.8 5.4 ± 0.2 2.8 ± 0.7 68.6 ± 3.1
1 84 ± 1.7 40.7 ± 2.9 85.6 ± 0.6 5.5 ± 0.2 2.7 ± 0.3 70 ± 2.6
5 83.5 ± 1.6 37.8 ± 2.7 85.4 ± 0.6 6 ± 0.2** 2.1 ± 0.3 73.5 ± 2.7

MOT: total motility; PROG: progressive motility; VCL: curvilinear velocity; VIAB: viability (SYBR-14+/PI− ); ACR: damaged acrosomes (PNA-FITC+); APOP
ratio: proportion of “apoptotic” spermatozoa within the viable population (YO-PRO-1+ within PI− ); MITO: proportion of spermatozoa with active mitochon-
dria (Mitotracker deep red+).
Letters indicate differences between extenders within each antioxidant treatment (except for MITO, where capital letters indicate differences as a main
effect, irrespective of the treatment); asterisks indicate effects of the antioxidant treatment, respect to the control, within each extender: * P < 0.05, **

P < 0.01; *** P < 0.001.
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Table 3
Interactions of the extenders and the antioxidant treatments and their effects on semen stored at 5 ◦C (no interactions with storage time). Total motility
and viability were not affected by the antioxidant treatment, and the effect of the extender was assessed as a main effect. Progressivity and the apoptotic
ratio were not affected by neither factor.

Extender Antiox. Conc. MOT (%) PROG (%) VIAB (%) ACR (%) APOP ratio (%) MITO (%)

TTF-EY Control 71.5 ± 1.3 17.4 ± 1.6 67.5 ± 1.5 7.4 ± 0.2 3.1 ± 0.4 53.6 ± 2.3
GSH 0.2 73.9 ± 2.3 20.7 ± 1.9 68.7 ± 2 7.8 ± 0.3** 3 ± 0.4 57.4 ± 2.2

1 73.4 ± 1.6 21.9 ± 1.6 67.3 ± 1.9 8.8 ± 0.4*** 2.1 ± 0.3 55 ± 2.5
5 72.3 ± 1.4 21.4 ± 1.6 71.8 ± 1 10.4 ± 0.8*** 2.3 ± 0.3 59.5 ± 2**

Trolox 0.2 73.8 ± 1.7 23.9 ± 2.1 70.8 ± 1.9 7.1 ± 0.2 3.2 ± 0.4 58.9 ± 2.3
1 72.5 ± 1.8 22.5 ± 2.1 71.1 ± 1 7.5 ± 0.2 3.4 ± 0.7 54.5 ± 2.4
5 73.3 ± 1.3 22.2 ± 1.9 69.1 ± 1.4 7.5 ± 0.2 3.7 ± 0.4 49.6 ± 2.1

TTF-SL Control 68.9 ± 1.6 17.5 ± 2 74.5 ± 1.7 5.3 ± 0.3 3.1 ± 0.4 13 ± 2
GSH 0.2 70 ± 2.1 18.2 ± 2.3 75.5 ± 1.8 4.8 ± 0.3** 3.4 ± 0.4 16.9 ± 2.1*

1 67.4 ± 1.7 18.4 ± 1.6 76.1 ± 2.2 4.5 ± 0.3*** 3 ± 0.4 18.7 ± 3**

5 67.2 ± 1.6 18.7 ± 1.3 76 ± 1.2 4.6 ± 0.2*** 2.5 ± 0.2 21.3 ± 2.5***

Trolox 0.2 68.6 ± 1.9 18.5 ± 1.9 75.5 ± 1 4.9 ± 0.2* 4.1 ± 0.4 18.1 ± 1.9*

1 67.7 ± 2 21.6 ± 1.8 75.5 ± 1.1 5.1 ± 0.2 3.2 ± 0.3 17.6 ± 2.1*

5 72.9 ± 1.3 21.5 ± 1.7 80.4 ± 1.1 5.2 ± 0.2 3.1 ± 0.3 23.4 ± 2.2***

MOT: total motility; PROG: progressive motility; VCL: curvilinear velocity; VIAB: viability (SYBR-14+/PI− ); ACR: damaged acrosomes (PNA-FITC+); APOP
ratio: proportion of “apoptotic” spermatozoa within the viable population (YO-PRO-1+ within PI− ); MITO: proportion of spermatozoa with active mitochon-
dria (Mitotracker deep red+).
Letters indicate differences between extenders within each antioxidant treatment (except for MOT and VIAB, where capital letters indicate differences as
a main effect, irrespective of the treatment); asterisks indicate effects of the antioxidant treatment, respect to the control, within each extender: * P < 0.05,
** P < 0.01; *** P < 0.001.

significant effects of the antioxidants. Some fertility trends,430

as a result of treatment, were detected. Use of control431

samples stored at 15 ◦C for 6 h for AI resulted in a 21%432

lambing rate, whereas use of samples supplemented with433

GSH at the 1 mM concentration resulted in a 37% lambing434

rate (P = 0.099). Results of AI with samples stored at 5 ◦C,435

were similar between treatments when storage was for 6 h.436

However, AI with samples that were supplemented with437

GSH at the 1 mM concentration and stored for 24 h resulted438

in a trend (P = 0.064) of increased lambing rate. Fertility as a439

result of AI when control samples were used was reduced440

when the semen storage was for 24 h compared with 6 h441

(28% to 4%, P < 0.032), however, there was no respective442

decrease with antioxidant treatment supplementations.443

4. Discussion444

Refrigerated storage of ram semen allows extending its445

useful life, but it does not eliminate the decrease of semen446

quality with time, which results in fertility loss. One of the447

consequences of semen storage is the oxidative stress pro-448

duced not only by the production of free radicals and the449

accumulation of waste substances, but also by a decrease450

of the antioxidant capacity of the sample (Donnelly et al.,451

2000). Moreover, the sperm plasma membrane is especially452

susceptible to lipid peroxidation, because of the great pro- 453

portion of polyunsaturated fatty acids (Storey, 2008). Thus, 454

in the present study the protective effects of Trolox and 455

reduced glutathione (GSH) in the millimolar range were 456

evaluated. It is interesting to note that the efficiency of 457

these antioxidants was affected by other components of the 458

medium, resulting in the interactions detected between the 459

extender and the antioxidant treatment at both tempera- 460

tures. This outcome is to be expected, because supplements 461

such as egg yolk and lecithin not only have antioxidant 462

activity (Alvarez-Rodríguez et al., 2013), but also modulate 463

the activity of antioxidants by interacting with the plasma 464

membrane or with other cell components. 465

Trolox is a very interesting antioxidant, because it is 466

a derivative of vitamin E ("-tocopherol) with a greater 467

aqueous solubility, allowing for use in greater concentra- 468

tions. In previous studies, Trolox had a high efficiency as 469

a radical scavenger even for relatively long incubations at 470

physiological temperatures (Domínguez-Rebolledo et al., 471

2009, 2010), and has been an important supplement for 472

ram semen cryopreservation with positive results (Maia 473

et al., 2010, and unpublished data). However, adding this 474

antioxidant to samples stored at 15 ◦C in TCF in the present 475

study resulted in decreased sperm motility and viability 476

and increased acrosomal damage when used at 5 mM (even 477

Table 4
Results of the fertility trials, showing absolute numbers for total inseminations and lambed ewes, and the proportion of lambing. Ewes inseminated at 48 h
with semen stored at 5 ◦C did not result in lambing (12 ewes in each group). The dots indicate non-significant effects of GSH with P < 0.1.

Temperature Treatment 6 h 24 h

Inseminated Lambed Inseminated Lambed

15 ◦C Control 38 8 (21%)
GSH 1 mM 38 14 (37%)•

Trolox 5 mM 35 10 (29%)
5 ◦C Control 25 7 (28%) 25 1 (4%)

GSH 1 mM 25 5 (20%) 24 6 (25%)•

Trolox 5 mM 24 7 (29%) 25 5 (20%)
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in TTF-EY) concentrations. Interestingly, these effects were478

not observed at 5 ◦C. Is it possible that, in absence of other479

supplements, Trolox could interfere with pathways using480

free radicals as second messengers, causing this loss of481

sperm viability. This negative effect has been observed482

when evaluating other antioxidants in ram semen (Mata-483

Campuzano et al., 2012a), or with Trolox for cryopreserving484

deer sperm (Anel-López et al., 2012; Fernández-Santos485

et al., 2007). Foote et al. (2002) noted that the toxic effects486

of the antioxidants TEMPO and TEMPOL in bull semen were487

more evident with a milk-based extender than an egg yolk-488

based extender. Therefore, Trolox might have a toxic effect489

on refrigerated ram semen, which would be negated by use490

of lipid supplements such as egg yolk or lecithin. Despite491

these in vitro results, use of Trolox as a supplement to the492

semen extender did not decrease fertility in the present493

study. There was, however, no evidence for a potential pos-494

itive effect.495

Supplementation of the extender with GSH resulted496

in few effects. Supplementation with GSH increased the497

proportion of damaged acrosomes when TTF-EY was the498

extender, whereas its use decreased the proportion of dam-499

aged acrosomes when TTF-SL was used as the extender.500

This effect was minimal and might have resulted from501

an underlying interaction between the extender and the502

antioxidant that deserves further research. The acrosomal503

integrity depends on many different cellular structures504

and pathways (the integrity of the plasma and acroso-505

mal membranes, the cytoskeleton between these two506

structures, calcium concentrations, channel and receptor-507

dependent pathways, etc.; Benoff, 1999; Tapia et al., 2012),508

and therefore, changes at one of these sites could impact509

the proportion of sperm having acrosomal damage. In the510

present study, there was not substantial evidence of an511

effect on fertility, however, there was some indication512

of an advantage when there was less GSH supplemen-513

tation. The trends for acrosome damage with use of GSH514

have no practical value, but these results could be useful515

for future studies including larger fertility trials. Never-516

theless, the GSH treatments prevented the decrease of517

fertility observed with the control samples stored at 5 ◦C.518

From previous research, an increase in fertility has been519

reported when using antioxidants. For example, Maxwell520

and Stojanov (1996) found that pregnancy rates, after521

intrauterine insemination, were greater when semen was522

stored for 7 and 14 days that was supplemented with523

superoxide dismutase and catalase (41% vs. 16%). More524

recently, Mara et al. (2005) found an improvement in525

fertility and blastocyst rate development in an in vitro526

experiment, when sperm were stored at 15 ◦C in presence527

of the antioxidant TEMPOL, and Casao et al. (2010) reported528

an increase in the cleavage rate after treating sperm with529

small amounts of melatonin. In addition to the effects of530

antioxidants, there was an overall greater quality in the531

samples of the present study that were maintained at 15 ◦C.532

Although there are many reports on the quality of ram533

semen stored either at 15 or 5 ◦C (Salamon and Maxwell,534

2000), only a few of these previous studies directly com-535

pared both temperatures under similar conditions (Colas536

et al., 1968; Hollinshead et al., 2004; O’Hara et al., 2010).537

These direct-comparison studies are necessary to fully538

understand differences between these two temperatures 539

while controlling for confounding variables, and thus this 540

was one of the objectives of the present study. Although liq- 541

uid storage at lesser temperatures could extend the useful 542

life of sperm by reducing metabolic rate, these conditions 543

might lead to increased sperm cell stress. Even if the pro- 544

tocols and extenders are designed to minimize cold shock, 545

changes in membrane fluidity and other undesirable effects 546

are expected. These effects could explain the lesser motil- 547

ity and viability observed in the present experiment in 548

the samples stored at 5 ◦C up to 48 h. Other studies have 549

detected little difference and even an advantage for stor- 550

age of semen at 5 ◦C for similar time periods as those in 551

the present study. For example, O’Hara et al. (2010) pro- 552

vided evidence that storage at 15 ◦C resulted in decreases 553

in sperm motility at a more rapid rate than storage at 554

5 ◦C, with noticeable differences as early as 24 h of storage. 555

However, the extender has an important role in maintain- 556

ing sperm quality over the time periods sperm are stored. 557

Indeed, in previous studies when INRA96 was used, as was 558

the case in the present study, the differences in sperm 559

quality for the different temperatures were much less at 560

48 h of storage. Colas et al. (1968) also detected small dif- 561

ferences when comparing sperm quality after 2 and 14 h 562

(milk-catalase extender) of storage, whereas Hollinshead 563

et al. (2004) stored the samples up to 24 hand found no 564

differences. 565

Regarding fertility at both storage temperatures, IVF 566

results of O’Hara et al. (2010) suggest that fertilizing capac- 567

ity of sperm when semen is stored at 15 ◦C was greater at 568

6 and at 24 h of storage as compared with storage at 5 ◦C. 569

Of course, the storage of semen at 5 ◦C is clearly advanta- 570

geous if use of the semen is delayed for several days. In 571

the present study, samples were stored at 15 ◦C only for 572

48 h, not allowing for direct comparisons of results, but 573

the acceptable results of samples stored at 5 ◦C for 96 h are 574

consistent with results from previous research where stor- 575

age occurred for 72 h or longer. Thus, O’Hara et al. (2010) 576

obtained acceptable blastocyst rates when using semen 577

that had been stored for 72 h (95% C.I.: 11.3–34.4% with 578

INRA96, compared with only 1% of the oocytes fertilized 579

with semen stored at 15 ◦C). Factors influencing fertility in 580

the field are more difficult to control than in an IVF setting, 581

and, in the present AI trial, inseminating with semen stored 582

for 48 h at 5 ◦C resulted in no lambings. Nevertheless, it is 583

possible to obtain acceptable fertility with semen stored 584

for several days at 5 ◦C, as reported in previous studies 585

(Maxwell and Salamon, 1993). 586

The extender is another important variable when 587

designing a protocol for storing ram semen. In the present 588

experiment, the extender clearly affected sperm quality. 589

Lipid or protein supplements can help maintain sperm 590

quality, possibly by interacting with the plasma membrane 591

and by modulating the activity of seminal plasma proteins 592

(Beirão et al., 2012; Bergeron and Manjunath, 2006), or 593

even interacting at other cell organelles (Mendoza et al., 594

2013). When semen was stored at 15 ◦C in the present 595

study, INRA96 (supplemented with milk micellar proteins) 596

and TTF-EY (supplemented with egg yolk) extenders were 597

more efficient for maintaining sperm motility, especially 598

when storage was for longer times. At least part of the 599
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effect of these extenders seems to be mediated by mem-600

brane stabilization because the viability of sperm with use601

of TCF extender clearly decreased at 48 h of storage, which602

was not observed when the other extenders were used.603

However, the protective effects of these extenders could be604

mediated at other levels, given that there was maintenance605

of most sperm cells with active mitochondria for at least606

24 h of storage. These differences were not as evident when607

semen was stored at 5 ◦C, possibly because only extend-608

ers with supplements were used in the present research.609

Interestingly, the use of the lecithin-based extender (TTF-610

SL) improved membrane integrity and reduced acrosomal611

damage, whereas this same extender seemed to depress612

mitochondrial activity. The results with using this extender613

in the present study were comparable to use of the egg yolk614

extender in a previous study (de Paz et al., 2010), and there615

have been positive results in several previous studies using616

soybean lecithin-based extenders for ram semen cryo-617

preservation (Forouzanfar et al., 2010; Najafi et al., 2013).618

However, in previous research there have been indications619

that use of soybean lecithin might decrease mitochondrial620

activity in ram semen, while sperm motility and viabil-621

ity are sustained (Del Valle et al., 2012). In this previous622

research decreased mitochondrial activity was associated623

with a lesser post-thawing quality, especially after incubat-624

ing the thawed samples, even though membrane integrity625

was comparable to the samples frozen with egg yolk. In this626

previous study, loss of mitochondrial membrane potential627

was associated with loss of the phospholipid cardiolipin628

from the mitochondrial inner membrane, indicating soy-629

bean lecithin not only exerts its effects externally, but that630

it can affect intracellular membranes. Even though the631

overall results were acceptable for sperm quality in the632

present study when TTF-SL was used, there should be fur-633

ther research to assess the impact of mitochondrial activity634

on fertility.635

Application of antioxidants ameliorated, but did not636

completely reverse the depression of mitochondrial activ-637

ity that occurred with use of soybean lecithin as an638

extender supplement. There was not a definitive dose-639

response effect, but at the 5 mM concentration there was a640

greater recovery of mitochondrial activity with GSH and641

Trolox effects being similar. Because these two antioxi-642

dants are chemically very different, it is likely that the643

effects could be mediated by free radical scavenging. The644

displacement of cardiolipin by lecithin that was described645

by Del Valle et al. (2012) could decrease the membrane646

potential because this phospholipid helps to stabilize the647

protein complexes and functions as a proton trap to prevent648

pH changes in the mitochondrial intermembrane space649

(Haines and Dencher, 2002). Without specific research it650

is difficult to propose a mechanism by which these antiox-651

idants could improve mitochondrial activity. Antioxidants652

might reduce cardiolipin loss or allow for maintenance of653

the mitochondrial transmembrane potential, even with the654

lesser cardiolipin content.655

In conclusion, the antioxidants evaluated in the present656

study had a small impact on sperm quality, and Trolox was657

detrimental to sperm quality when combined with the TCF658

extender. Using an extender supplemented with protein or659

lipids resulted in greater sperm quality during storage at660

15 ◦C. With storage at 5 ◦C, the extender impacts on sperm 661

quality were similar, except for the negative effect on mito- 662

chondrial activity that resulted from use of TTF-SL as an 663

extender. However, supplementing the TTF-SL extender 664

with antioxidants partially prevented the loss of mitochon- 665

drial activity. The preliminary fertility trial showed some 666

promising effects of GSH as a semen extender additive and 667

there needs to be further research of the type conducted in 668

the present study with larger numbers of animals to assess 669

potential impacts on fertility. 670
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