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Abstract19

Fe2+/ascorbate, hydrogen peroxide (H2O2) and hypoxanthine/xanthine oxidase (XOD) are commonly used for20

inducing oxidative stress on spermatozoa. A comparative study of these agents was carried out on thawed21

spermatozoa from red deer. First, we tested a high, medium and low concentration of each agent: 100, 10 and22

1 µM Fe2+ (hydroxil radical generator); 1 mM, 100 and 10 µM H2O2; and 100, 10 and 1 mU/mL XOD23

(superoxide and H2O2 generator), incubating at 37 ◦C for 180 min. Intracellular ROS (H2DCFDA) increased24

with dose and time, and similarly for the three systems at each concentration level. Motility and mitochondrial25

membrane potential (∆ψm) were considerably decreased by H2O2 (1 mM and 100 µM) and XOD (100 and26

10 mU/mL). Only H2O2 1 mM reduced viability. The antioxidant Trolox (10 µM) reduced intracellular ROS,27

but could not prevent H2O2 or XOD effects. In a second experiment, we used YO-PRO-1 and M540 as28

apoptotic and membrane-stability markers, respectively. Only H2O2 increased the proportion of apoptotic and29

membrane-destabilized spermatozoa. Catalase added to XOD prevented ∆ψm loss, confirming that H2O2 was30

the causative agent, not superoxide. In a third experiment, caspase activation was tested using the FLICA31

probe. Only H2O2 increased the proportion of viable spermatozoa with activated caspases. There were32

important differences between ROS generators, being H2O2 the most cytotoxic. Although H2O2 and XOD33

caused ∆ψm dissipation, it did not reflect on increasing apoptotic markers. We hypothesize that a34

subpopulation of spermatozoa may lack apoptotic markers.35
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Introduction36

Oxidative stress have emerged as one of the major threats to sperm functionality, both in vivo and in vitro.37

Reactive oxygen species (ROS) have a fundamental role in sperm physiology (Aitken et al., 2004; O’Flaherty38

et al., 2006; de Lamirande & O’Flaherty, 2008), but its excess can damage spermatozoa (Shen & Ong, 2000;39

Aitken & Baker, 2002; Agarwal & Saleh, 2002; Agarwal et al., 2003). Even if ROS occur within physiological40

levels during sperm preparation, they can be detrimental, eliciting early capacitation and irreversible events41

such as acrosome reaction (Oehninger et al., 1995; Hsu et al., 1999; Satorre et al., 2007). Therefore, there is a42

great interest in protecting spermatozoa from ROS during manipulation and cryopreservation. In this attempt,43

researchers generally use external sources of ROS to study oxidative stress on spermatozoa. For instance,44

[hypo]xanthine/xanthine oxidase generates superoxide radical and hydrogen peroxide (Aitken et al., 1993),45

whereas ferrous ion/ascorbate generates hydroxil radical through the Haber-Weiss or Fenton reaction (Buettner46

& Jurkiewicz, 1996). Hydrogen peroxyde, a potent membrane-permeable oxidizing species, is often used47

directly (Oehninger et al., 1995; Hsu et al., 1999). However, few studies have aimed at comparing the effects48

of different oxidant systems in spermatozoa, although this is of great interest, since different systems yield49

different ROS at a different rates, and thus their effects and interactions with antioxidants might vary. Thus,50

Kovalski et al. (1992) showed that hydrogen peroxide and the hydroxil radical, but not the superoxide radical,51

inhibited the motility of human spermatozoa. The differential action of hydrogen peroxide and superoxide52

radical on human spermatozoa motility was also found by other authors (Aitken et al., 1993; Bilodeau et al.,53

2002). Armstrong et al. (1999) characterized the ROS production of activated leukocytes and the54

hypoxanthine/xanthine oxidase system, and their effect on sperm motility and energetic metabolism. These55

authors found that hydrogen peroxide was not only responsible for loss of motility but also for loss of56

mitochondrial membrane potential, but these effects were not found when superoxide or hydroxil radical57

—contrarily to Kovalski et al. (1992)— were the predominant ROS.58

Moreover, research on oxidative stress has converged with research on apoptosis in spermatozoa.59
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Apoptotic markers have been found in spermatozoa of several species, but their role on sperm physiology is60

still not completely understood (Sakkas et al., 2002; Cayli et al., 2004; Lachaud et al., 2004; Paasch et al.,61

2004b; Barroso et al., 2006; Marti et al., 2006; Martin et al., 2007; Angelopoulou et al., 2007;62

Ortega-Ferrusola et al., 2008; Moran et al., 2008). Moreover, the importance of ROS as apoptosis inducers and63

mediators has been demonstrated in somatic cells (Carmody & Cotter, 2001; Ott et al., 2007), thus it has been64

suggested that high ROS levels in semen might be associated with the presence apoptotic markers (Wang et al.,65

2003; Moustafa et al., 2004), although a causative effect has still to be demonstrated. In somatic cells, ROS66

(produced by the respiratory chain or externally) are among the inducers of type II apoptosis (also termed the67

intrinsic pathway) (Owuor & Kong, 2002; Carmody & Cotter, 2001; Ott et al., 2007), and it has been showed68

that targeting antioxidants to the mitochondria can prevent loss of ∆ψm and apoptosis (Zhao et al., 2005). The69

intrinsic pathway is initiated in the mitochondria by the formation of the mitochondrial permeability transition70

pore, releasing components of the mitochondrial matrix, such as Ca2+ and cytochrome c (Ott et al., 2007).71

Cytochrome c induces the formation of the apoptosome, resulting in the activation of caspase 9, which72

subsequently activates caspase 3, a milestone event in apoptosis (Owuor & Kong, 2002; Carmody & Cotter,73

2001). This intrinsic pathway of apoptosis may be present in spermatozoa, according to some studies (Paasch74

et al., 2004a; Wundrich et al., 2006; Martin et al., 2007; Bejarano et al., 2007). Previously (Martinez-Pastor75

et al., 2008), we proposed that loss of ∆ψm preceded plasmalemma destabilization as indicated by YO-PRO-1,76

suggesting an apoptotic-like phenomenon. Therefore, we expected that ROS treatments causing ∆ψm77

dissipation would elicit other apoptotic markers.78

Considering these antecedents, and taking into account that most studies have been carried out on79

human spermatozoa, we aimed at analyzing the effects of different oxidant systems in small ruminants, using80

red deer spermatozoa. Red deer is a relatively new farming species, which offers new opportunities for some81

kind of studies, since the variability of some traits (for instance, fertility) is still larger than in other domestic82

species (Malo et al., 2005; Gomendio et al., 2006). Moreover, studies on deer can be translated to different83
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contexts (Garde et al., 2006): farming, hunting and conservation (of endangered cervid species or84

populations). In this study, we studied the effect of incubating spermatozoa with different concentrations of the85

ferrous/ascorbate system (producing hydroxil radical), hydrogen peroxide and hypoxanthine/xanthine oxidase86

system (producing both superoxide and hydrogen peroxide). A commonly used antioxidant (Trolox, an87

analogue of α-tocopherol) was tested against the oxidants to estimate which kind of effects could be abolished88

by a typical radical scavenger (Peña et al., 2003). Secondly, we evaluated the occurrence of apoptotic markers89

after incubating with these ROS generators, including the detection of activated caspases. According to90

previous studies, we hypothesized that part of the ROS effects may be mediated by apoptotic pathways, thus91

we tested the relationship between ROS presence, apoptotic markers and other parameters of sperm quality.92

Materials and methods93

Reagents and media94

Fluorescence probes and the Vybrant R© FAM Poly Caspases Assay Kit were purchased from Invitrogen95

(Barcelona, Spain). Acridine orange (chromatographically purified) was purchased from Polysciences, Inc.96

(Warrington, PA, USA). Flow cytometry equipment, software and consumables (including the sheath fluid)97

were purchased from BD Biosciences (San José, CA, USA). The rest of chemicals were adquired from Sigma98

(Madrid, Spain). Chemicals were Reagent grade or higher. PBS was prepared in milli-Q water: 136.9 mM99

NaCl, 2.7 mM KCl, 0.9 mM CaCl2, 0.5 mM MgCl2, 7 mM Na2HPO4, 1.25 mM NaH2PO4, 1.5 mM KH2PO4,100

1 g/L PVA (290 mOsm/kg; pH 7.2). Hypoxantine was prepared at 200 mM in NaOH 0.1 M. Stock solutions of101

antioxidant and oxidants were: Trolox (vitamin E): 1 mM in ethanol; H2O2: 100 mM in water; xantine oxidase102

(XOD): 10 UI/mL in water; Fe2/ascorbate: 10 mM FeSO4 and 100 mM sodium ascorbate in water. From each103

oxidant solution, we prepared 1/10 and 1/100 solutions in water. Stock solutions of the fluorescence probes104

were: propidium ioide: 7.5 mM in water; SYBR-14: 1 mM in DMSO; Mitotracker Deep Red: 1 mM in105

DMSO; BODIPY R© C11 665/676: 0.1 mM in DMSO; H2DCFDA: 0.5 mM in DMSO. All solutions were kept106
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at -20 ◦C and in the dark until needed, except Trolox and the oxidant working solutions, which were prepared107

the same day. Preparation and staining of samples for flow cytometry analysis were performed using flow108

cytometer PBS (BD FACSFlowTM; BD Biosciences, San José, CA, USA).109

Semen cryopreservation110

Epididymal samples were collected from mature stags (Cervus elaphus hispanicus, Helzheimer 1909) that111

were legally culled and hunted in their natural habitat during the rutting season (September–October). Hunting112

was in accordance with the harvest plan of the game reserve, following Spanish Harvest Regulation (Law 2/93113

of Castilla-La Mancha), which conforms to European Union Regulations. These operations were carried out as114

part of a project approved by the ethical committee of the University of Castilla-La Mancha, and which115

adheres to the Guidelines for the Care and use of Animals. Spermatozoa were collected from the cauda116

epididymis within 3 h post-mortem, and diluted to 200×106 spermatozoa/mL in Tryladyl R© (Minitüb,117

Tifenbach, Germany) with 20% egg yolk and 6% glycerol. After 2 h of equilibration at 5 ◦C, samples were118

loaded into 0.25-mL plastic straws (IMV, L’Aigle Cedex, France) and frozen in nitrogen vapors (4 cm above119

liquid nitrogen) for 10 minutes. The straws remained for a minimum period of one year in liquid nitrogen.120

Thawing was carried out by immersing straws in a water bath at 37 ◦C for 30 s.121

Experiment 1122

This experiment evaluated the effect of oxidative stress on sperm motility, viability, mitochondrial membrane123

potential (∆ψm), intracellular ROS and membrane lipid peroxidation. It was replicated using samples from six124

different males. Thawed semen was resuspended to 107 spermatozoa/mL with PBS. The sperm solution was125

then split among fourteen aliquots in microtubes. One of them was left untreated as control (C), and other was126

supplemented with 10 µM Trolox (T). The other aliquots were submitted to oxidative stress using three127

concentrations of each oxidant system. For Fe2+/ascorbate: 100 µM Fe2+ (FE100), 10 µM Fe2+ (FE10) and128

1 µM Fe2+ (FE1); for H2O2: 1 mM (HP1000), 100 µM (HP100) and 10 µM (HP10); and for HX/XOD:129
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100 mU/mL XOD (XO100), 10 mU/mL XOD (XO10) and 1 mU/mL XOD (XO1). We replicated the highest130

concentration of each oxidant, supplementing this replicate with 10 µM Trolox (FE100T, HP1000T and131

XO100T). The aliquots with XOD received 2 mM of hipoxanthine and 1 mM of EDTA. All the treatments132

were split in two aliquots. One of them received 0.5 µM H2DCFDA and 0.2 µM BODIPY R© C11 665/676 (for133

the detection of intracellular ROS and membrane lipoperoxidation, respectively). The microtubes were134

incubated at 37 ◦C in the dark and analyzed at 15, 60 and 180 min after starting the incubation. The three135

concentrations for each system were selected after a preliminary assay using H2DCFDA, in order to obtain136

similar “low”, “medium” and “high” production of ROS in each system.137

Motility was subjectively assessed. A 5-µL drop was put on a prewarmed slide, covered with a138

coverslip and examined using a phase contrast microscope (Nikon Eclipse 80i; negative contrast optics), with a139

warming stage at 37 ◦C. We calculated a sperm motility index (SMI) (Fernandez-Santos et al., 2007a),140

assessing the the percentage of motile sperm (MI) and the quality of movement (QM; from 0, no motility to 5,141

fast and lineal motility), and using the formula SMI = (MI + 20×QM)× 0.5.142

Sperm viability and ∆ψm (SYBR-14/propidium iodide (PI) and Mitotracker deep red), and intracellular143

ROS and membrane lipid peroxidation (H2DCFDA and BODIPY R© C11 665/676) were assessed by flow144

cytometry. For the analysis of viability and ∆ψm, we diluted the spermatozoa down to 106 mL−1 in flow145

cytometry PBS with 10 µM SYBR-14, 24 µM PI and 100 nM Mitotracker deep red. For the analysis of146

intracellular ROS and membrane lipid peroxidation, the pre-labeled samples were diluted down to 106 mL−1147

in flow cytometry PBS with 5 µM PI. In both stainings, samples were left 15 min in the dark before running148

them through a flow cytometer.149

Moreover, an aliquot of each sample was diluted in TNE buffer (0.15 M NaCl, 0.01 M Tris HCl, 1 mM150

EDTA; pH 7.4) to 2×106 mL−1 in cryotubes for chromatin assessment (SCSA). Criotubes were flash frozen in151

liquid nitrogen and stored at -80 ◦C until analysis (see below).152
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Experiment 2153

This experiment evaluated the expression of apoptosis/necrosis markers after exposition to oxidative stress. It154

was replicated using samples from six different males. Thawed semen was resuspended to155

107 spermatozoa/mL with PBS. The sperm solution was then split among four aliquots in microtubes. One of156

them was left untreated as control, and the other were submitted to oxidative stress: Fe2+/ascorbate (100 µM157

Fe2+), H2O2 (1 mM) and HX/XOD (100 µM XOD, 2 mM hipoxanthine and 1 mM EDTA). The microtubes158

were incubated at 37 ◦C. At 15 min, 1 h, 2 h and 3 h, samples were diluted down to 106 mL−1 in flow159

cytometry PBS with 5 µM Hoechst 33342, 100 nM YO-PRO-1, 1 µM Merocyanine 540, 10 µM PI and 100 nM160

Mitotracker deep red. After 15 min in the dark, the samples were run through a flow cytometer. YO-PRO-1 is a161

probe capable to stain early-apoptotic cells, with intact plasmalemma (not stained by PI, for instance), but162

showing increased permeability (typical of early apoptotic cells) (Martinez-Pastor et al., 2008). Merocyanine163

540 is a lipophillic probe that increases its fluorescence as membrane lipid packaging decreases, being useful164

for assessing membrane stability, and possibly capacitation-related events (Fernandez-Santos et al., 2007a).165

To confirm that H2O2 was the causative agent of ∆ψm dissipation, two more treatments were added:166

2500 U/mL catalase and HX/XOD plus 2500 U/mL catalase. Thus, the H2O2 resulting from XOD or167

superoxide dismutation was removed. Incubation and analysis were performed in the same way than for the168

other treatments of the experiments.169

Experiment 3170

In this experiment we assessed the presence of activated caspases after exposition to ROS. Samples were171

prepared in the same manner than in Experiment 2 and incubated at 37 ◦C. At 15 min, 1, 2, and 3 h, the172

samples were processed to evaluate caspase activation using the Vybrant R© FAM Poly Caspases Assay Kit.173

This kit is based in the fluorescent caspase inhibitor FLICATM, which bind to active caspases, thus labelling174

apoptotic cells. Briefly, aliquots were diluted down to 106 mL−1 in 300 µL of PBS with 10 µL of 30X175
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FLICATM reagent (fluorescent caspase inhibitor) in flow cytometry tubes. The tubes were incubated 1 h at176

37 ◦C in the dark and then washed twice with the washing buffer provided by the kit (300×g 5 min). After the177

second centrifugation, the washing buffer was replaced by 400 µL of flow cytometer sheath fluid with 5 µM178

Hoechst 33342 and 10 µM PI. After 15 min in the dark, the samples were run through a flow cytometer.179

Flow cytometer configuration180

The flow cytometer was a Becton Dickinson LSR-I model (BD Biosciences, San José, CA, USA). We used a181

488 nm Ar-Ion laser for exciting SYBR-14, YO-PRO-1, FLICATM, PI, Merocyanine 580 and H2DCFDA, and182

a 633 nm He-Ne laser for exciting Mitotracker Deep Red and BODIPY R© C11 665/676. Fluorescence from183

SYBR-14, YO-PRO-1, FLICATM Merocyanine 540 and H2DCFDA was read with the FL1 photodetector184

(530/28BP filter). Fluorescence from Merocyanine 540 was read with the FL2 photodetector (575/25BP filter).185

Fluorescence from PI was read with the FL3 photodetector (670LP filter). Fluorescence from TO-PRO-1,186

Mitotracker Deep Red and BODIPY R© C11 665/676 was read with the FL6 photodetector (670/40BP filter).187

FSC/SSC signals were used to discriminate spermatozoa from debris. When Hoechst 33342 was used, it was188

excited using a 350 nm He-Cd laser, and its fluorescence was read with the FL5 photodetector (424/44BP189

filter). The FL5 signal was used to improve the discrimination spermatozoa/debris. The acquisition was190

controlled using the Cell Quest Pro 3.1 software (BD Biosciences, San José, CA, USA), reading all the191

parameters were read using logarithmic amplification. We acquired 10000 spermatozoa from each sample,192

saving the data in FCS v. 2 files. The analysis of the flow cytometry data was carried out using WinMDI v. 2.8193

(The Scripps Research Institute, La Jolla, California).194

Sperm chromatin structure assessment (SCSA)195

The SCSA technique (Evenson et al., 2002) is based in the metachromatic stain acridine orange, which196

fluoresces green when combined with double stranded DNA, and red when combined with single stranded197

DNA (denatured). The samples flash frozen in TNE were thawed on crushed ice and 200 µL were passed to a198
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flow cytometry tube. Then, we added 400 µL of cold acid-detergent solution (0.08 M HCl, 0.15 M NaCl,199

0.1% Triton X-100; pH 1.2). Exactly 30 s after adding the acid-detergent solution, we added 1.2 mL of cold200

staining solution (6 µg/mL of acridine orange in a buffer containing 37 mM citric acid, 126 mM Na2HPO4,201

1.1 mM disodium EDTA and 150 mM NaCl; pH 6). After 3 min, the sample was run through the flow202

cytometer. Acridine orange was excited using the Ar-ion laser (488 nm). The red fluorescence was detected203

using the FL3 photodetector (670LP) and the green fluorescence using the FL1 photodetector (530/28BP),204

using linear scales. The cytometer was previously equilibrated using a tube with 0.4 mL of acid-detergent205

solution and 1.2 mL of staining solution. This tube was run regularly between samples to diminish changes206

due to flow variations (Boe-Hansen et al., 2005). The acquisition was controlled using the Cell Quest Pro 3.1207

software, adquiring 5000 spermatozoa, and the data were processed using WinMDI v. 2.8. We calculated the208

DNA Fragmentation Index (DFI) for each spermatozoa as the ratio of red fluorescence respect to total209

fluorescence (red+green), expressed as a percentage. The processing of DFI data was performed using the R210

statistical environment (R Development Core Team, 2007). From the DFI values we obtained the standard211

deviation of DFI (SD-DFI), the percentage of spermatozoa with high fragmentation index (%DFI), and the212

percentage of spermatozoa with high DNA stainability (HDS), defined as those events with green fluorescence213

above channel 600.214

Data processing and statistical analysis215

The R statistical environment was used to process flow cytometry data and to perform subsequent statistical216

analysis. Our hypotheses were tested by using mixed-effects linear models, treating the replicate as a random217

effect. Pairwise comparisons were carried out using contrasts and Holm’s correction for multiple comparisons.218

Numeric results are expressed as mean±SEM.219
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Results220

Experiment 1: motility, viability and mitochondrial activity of spermatozoa exposed to different ROS sources221

Results of Experiment 1 for each oxidant are summarized in figures 1 (Fe2+/ascorbate), 2 (H2O2) and 3222

(HX/XOD). The incubation at 37 ◦C with the ROS generators induced an increase in H2DCFDA fluorescence,223

which was dependent on dose and incubation time, whereas Control and Trolox did not showed any significant224

variation. H2O2 1 mM and 100 µM (HP1000 and HP100) caused a quick increase of fluorescence signal225

respect to Control (P<0.001) as soon as 15 min after starting incubation, but at 1 h and 3 h fluorescence results226

were similar for the three ROS sources, XO100 yielding slightly lower values than FE100 and HP1000. Trolox227

10 mM delayed ROS increase, dropping fluorescence intensity near to the lowest oxidant concentration in all228

cases (even lower than 1 mM Fe2+, P<0.01 at 3 h). In contrast to the observed ROS increase, lipid229

peroxidation was only evident at 1 h for HP1000 (P<0.001) and at 180 min for FE100 (P<0.05), HP1000 and230

XO100 (P<0.001). Again, Trolox reduced this increase, although it was still significantly different to Control231

(P<0.05).232

Motility decreased steadily with incubation time in the Control samples (slope -0.15±0.02, P<0.001,233

from an initial value of 51.25%±2.96). The oxidant treatments affected motility in a very different manner.234

Thus, FE100 and FE10 induced an initial drop (at 15 min) of -12.08±2.88 (P<0.01) and -9.58±2.88 (P<0.05),235

respectively, but these differences did not increase during the rest of the experiment (in fact, FE10 became not236

significantly different from Control at 1 and 3 h). In contrast, SMI dramatically dropped in HP1000237

(-48.67±2.88 at 15 min, P<0.001), not showing motile spermatozoa afterwards. HP100 caused a lower initial238

inhibition (-15.00±2.88 at 15 min, P<0.05). Nevertheless, motility was only 10.00%±3.10 at 1 h, and motility239

inhibition was total at 3 h. HP1 lowered motility at 15 min (-7.08±2.88, P<0.05), but it was not significantly240

different from Control afterwards. HX/XOD decreased motility in a similar manner, but more slowly than241

H2O2. Thus, only XO100 affected significantly motility at 15 min (-17.50±2.88, P<0.001), but all242
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concentrations significantly inhibited it at 1 and 3 h, being this inhibition almost total at 3 h with XO100 and243

XO10. XO1 showed an effect at 1 h (-7.50±3.10, P<0.05). Trolox could not improve motility, neither in244

untreated samples, nor when added to samples treated with oxidant. Only in the case of FE100, it prevented245

partially the motility decrease, and only at 15 min.246

The most striking difference between the oxidant systems was showed in the evaluation of247

mitochondrial membrane potential (∆ψm). Spermatozoa submitted to incubation with any Fe2+ concentration,248

maintained high ∆ψm while viable (all PI+ spermatozoa had low ∆ψm), even after 180 min (Control was249

96.8%±1.09 at 15 min and 91.98%±6.10 at 3 h, not being different from any Fe2+ treatment, P>0.46).250

Contrarily, H2O2 and HX/XOD showed a high efficiency dissipating ∆ψm. At 60 min, both HP1000 and251

XO100 provoked a sharp drop in the percentage of viable spermatozoa with high ∆ψm (-33.18±6.64 and252

-33.67±6.64 from Control, respectively), abolishing it almost totally at 3 h. HP100 showed the same effect,253

but only at 3 h (23.14%±0.93). XO10 and XO1 affected ∆ψm, but only at 3 h (59.31%±13.36 and254

76.67%±11.20, respectively). Considering the median fluorescence intensity of Mitotracker (not showed in255

Figure 3), there was a significant decrease in H2O2 and HX/XOD treatments as soon as 15 min. This lower256

fluorescence was observed in the high-∆ψm subpopulation at all times, even when it did not reflect in a257

significant drop of high-∆ψm spermatozoa, suggesting an effect in the sperm subpopulation capable of258

maintain active mitochondria. In contrast, Fe2+ treated samples had a median fluorescence intensity similar to259

Control. The presence of Trolox did not improve neither the percentage of high-∆ψm spermatozoa nor the260

median fluorescence intensity.261

Viability (membrane integrity) decreased in all treatments (slope -0.11±0.02 for Control). Only262

HP1000 at 180 min was significantly lower than Control (-13.18±3.05 from a Control value of 22.23%±3.65,263

P<0.001), this decrease not being prevented by Trolox. Regarding chromatin status, we did not found any264

change from Control, but for HDS, which was slightly higher for HX/XOD than for Control (0.77%±0.13) at265

15 min (2.82%±0.26) and at 1 h (1.98%±0.33), but not at 3 h. Thus, it is possible that these differences were266
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not due to the effect of ROS on chromatin, but maybe to interferences of the HX/XOD treatment with the267

SCSA technique.268

Experiment 2: induction of apoptotic/necrotic changes269

Labeling cells with the apoptotic marker YO-PRO-1 yielded three subpopulations: non-apoptotic (unstained),270

“apoptotic” (YO-PRO-1+) and non-viable (membrane damaged, PI+) (Martinez-Pastor et al., 2008). As271

showed in the Figure 4, the proportion of non-apoptotic spermatozoa followed the same trend detected in272

Experiment 1 for viable spermatozoa, decreasing with time (slope -0.075±0.01 for Control, P<0.001) and273

there were no differences between oxidants and Control, except for H2O2 (slope -0.12±0.01, P<0.05). We274

defined an Apoptotic Index as the proportion of YO-PRO-1+ spermatozoa within the population of PI–275

spermatozoa. The model showed that the apoptotic index increased in Control (slope 0.07±0.02, P<0.01),276

indicating that the decline of the YO-PRO-1– population was caused not only by membrane damage (PI+), but277

also by “apoptotic” changes in the membrane, resulting in a higher number of “viable apoptotic” spermatozoa278

(YO-PRO-1+/PI–). HX/XOD showed no difference with Control, but H2O2 increased the slope of the model279

(0.14±0.02, P<0.001), indicating an acceleration of the process. Contrarily Fe2+-treated samples stayed at the280

same level for the duration of the experiment. In this case, the reason was not that Fe2+ protected YO-PRO-1–281

spermatozoa, but rather that YO-PRO-1+ spermatozoa were stained by PI+ at a faster rate than in other282

treatments.283

Another important difference between treatments was shown by the Merocyanine 540 (M540) stain.284

Only a very low proportion of YO-PRO-1– spermatozoa fell in the high-M540 population (below 10% on285

average), except for H2O2-treated samples. In this case, the proportion of M540+/YO-PRO-1– spermatozoa286

increased up to 26.32%±7.11 at 2 h (P<0.001), without further increasing at 3 h. In our experiment,287

Merocyanine 540 does not appear to be related to capacitation, but to decreasing membrane lipid packaging288

associated to membrane destabilization. Results for ∆ψm were similar to those obtained in Experiment 1,289
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although H2O2 was significantly different from Control at 15 min (-31.97±4.59, P<0.001).290

Adding catalase to the sample treated with HX/XOD prevented totally ∆ψm dissipation and motility291

inhibition. Thus, hydrogen peroxyde was the causative agent of the mitochondrial depolarization and loss of292

motility observed in the HX/XOD treatments, and not the superoxide radical. Results for Control, catalase and293

catalase+HX/XOD treatments were very similar (P>0.05), not only for ∆ψm, but also for membrane apoptotic294

markers (YO-PRO-1/PI).295

Experiment 3: presence of activated caspases296

The analysis showed that all membrane-damaged spermatozoa (PI+) had activated caspases. The proportion of297

viable spermatozoa with inactive caspases (Figure 4) decreased with incubation time in all cases (slope298

-0.12±0.04 for Control, P<0.01), and only H2O2 showed a lower proportion (P<0.05, except at 15 h).299

However, the proportion of viable spermatozoa with active caspases stagnated at 25.88%±1.13, only300

increasing with time for H2O2 (P<0.05). Nevertheless, H2O2 values did not increase anymore after 120 min,301

apparently reaching a plateau. HX/XOD showed an increase at 3 h, which did not reach significance from302

Control (P=0.08). This indicates that caspase activation could be stimulated by H2O2 treatment, at least in a303

subpopulation of spermatozoa.304

Discussion305

In this study we compared the effect of the ROS generators Fe2+/ascorbate, hydrogen peroxide and306

hypoxanthine/xanthine oxidase on red deer spermatozoa, as a model for small ruminants. Although the three307

systems differed greatly in their effects, they seemed to induce the same level of intracellular ROS. The “low”308

concentrations increased noticeably the levels of ROS, but they did not lowered sperm quality dramatically,309

contrarily to the higher concentrations. This suggests that concentrations in that magnitude could be used in310

studies which require do not disrupt the sperm physiology.311
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Whereas Fe2+/ascorbate had apparently little effects, although inducing high ROS levels, “medium”312

and “high” concentrations of both H2O2 and HX/XOD had a profound impact on sperm motility and ∆ψm.313

These results confirm in red deer previous findings in human semen, indicating that motility loss was caused314

by hydrogen peroxide, and not superoxide radical (Aitken et al., 1993; Armstrong et al., 1999). In other315

studies (Kovalski et al., 1992; Chen et al., 1997), hydroxyl radical was found to affect motility similarly than316

hydrogen peroxide, but our results suggest otherwise. It is possible that in these studies the presence of317

hydrogen peroxide had a confounding effect, although we could be withstanding differences depending on318

species (human vs. ruminant spermatozoa), kind of sample (sperm source, media) or the technique used for319

generating ROS. The concurrent high levels of ROS (H2DCFDA fluorescence) yielded by Fe2+/ascorbate, and320

its little effect on sperm motility or ∆ψm observed in this study could be explained taking into account the321

short life of the hydroxyl radical and its relative impermeability to biological membranes. Thus, it might322

readily oxidize H2DCFDA in the cytoplasm, but its action on intracellular targets may be limited.323

Motility loss by hydrogen peroxide has been attributed to inactivation of glucolytic enzymes, leading to324

energetic draining in the flagellum (Armstrong et al., 1999; Baumber et al., 2000). Our study seem to confirm325

that high doses of H2O2 cause an immediate inhibition of motility, which was almost total with 1 mM H2O2.326

The effect of xanthine oxidase was similar, but we observed a delay that might be explained considering that327

the enzymatic reaction could require some time to build up an equivalent amount of H2O2. It must be328

highlighted that mitochondrial activity was still high when motility had dropped. In another study329

(Martinez-Pastor et al., 2008), we carried out a incubation without oxidants, noting that motility was much330

higher than the proportion of spermatozoa with high ∆ψm. Thus, motility of deer spermatozoa seems to be331

independent, at least in the short term, from mitochondrial activity, similarly to human spermatozoa332

(Armstrong et al., 1999). ATP produced by mitochondria would not be transported to the flagelle efficiently333

enough to compensate for the depletion after the inactivation of glucolisis by hydrogen peroxide. In fact, the334

decrease in viability showed three hours after applying the higher H2O2 dose could be a long-term effect of335
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lack of mitochondrial activity, as suggested previously (Martinez-Pastor et al., 2008). Armstrong et al. (1999)336

found that treating human semen with 5 mM H2O2 dropped the percentage of high-∆ψm spermatozoa to 26%337

of control results in 30 min, whereas only 0.3 mM inhibited motility of human spermatozoa in the same time.338

Similarly, Ramos & Wetzels (2001) found an almost total loss of motility after a 5 min incubation of human339

spermatozoa with 25 µM H2O2. This might imply that small ruminant spermatozoa would be much more340

resilient, since 10 mM H2O2 showed no significant effect after 180 min. Thus, results obtained might not be341

extrapolateable among very different species. Baumber et al. (2000), testing a wide range of H2O2342

concentrations on equine semen, obtained results that resembled ours, although 12.5 mM H2O2 decreased343

motility significantly respect to control after 180 min. Interestingly, when we assessed DNA damage, we did344

not detected differences between treatments. In a previous experiment with bull semen (Martı́nez-Pastor et al.,345

2008; Fernandez-Santos et al., 2008), we detected increased DNA damage using SCSA, after submitting346

thawed spermatozoa to oxidative stress. Lack of differences in the present study could be due to species or347

treatment differences (6 h of incubation). Peris et al. (2007) reported that SCSA showed differences between348

different H2O2 treatments (0–300 µM) in ram semen, but only after 24 h incubation, and not after 4 h.349

The antioxidant Trolox seemed to successfully decrease the intracellular ROS level of the “high”350

concentration (although not down to Control levels), but it could not prevent the negative effects of hydrogen351

peroxide and HX/XOD, except lowering membrane lipoperoxidation. It is possible that Trolox could be352

specially efficient protecting lipids and other molecules from oxidation (such as H2DCFDA), but failed353

protecting other kind of targets, such as sulphydryl groups on proteins. We did not tested other antioxidants354

(except catalase, in Experiment 2), but other studies have suggested that glutathione, for instance, had a355

protective effect on motility when H2O2 was present (Baumber et al., 2000), and studies on other cell types356

have identified glutathione and other compounds as mitochondrial protectors (Fernandez-Gomez et al., 2005;357

Hardeland, 2005). In a previous study, we found that catalase could improve deer spermatozoa358

cryopreservation better than other antioxidants (Fernandez-Santos et al., 2007b), which agrees with our359
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findings here (nevertheless, we did not assess apoptotic markers). Nonetheless, we have to take into account360

that we chose Trolox in this experiment because of its ubiquity among other studies, and because we wanted a361

“generic”, instead of a specific (superoxide dismutase, catalase, DMSO), antioxidant.362

We hypothesized that ROS and antioxidants could influence the occurrence of apoptotic markers in red363

deer spermatozoa through ∆ψm dissipation, as showed previously in human semen (Paasch et al., 2004a;364

Wundrich et al., 2006; Martin et al., 2007; Bejarano et al., 2007), and we showed that loss of ∆ψm may365

announce changes conducing to YO-PRO-1 labeling (Martinez-Pastor et al., 2008). In the present study, 1 mM366

and 100 µM of hydrogen peroxide caused a dramatic loss of ∆ψm, but, this was not accompanied by a similar367

increase of other apoptotic markers, either based in membrane destabilization (apoptotic index, YO-PRO-1) or368

in the detection of activated caspases (FLICATM). Although hydrogen peroxide increased apoptotic index and369

the proportion of viable spermatozoa with activated caspases (respect to Control), this increase should have370

been much larger (nearly affecting most spermatozoa at 60 min) if loss of ∆ψm effectively initiated apoptotic371

pathways. Furthermore, HX/XOD, which yielded H2O2, could not elicit a significant increase in these372

parameters. Nevertheless, in Experiment 2, there was a delay of ∆ψm dissipation by HX/XOD comparing with373

hydrogen peroxide, thus its effect may have been similar if longer times had been tried. Unfortunately, we374

could not test caspase activation when we combined HX/XOD and catalase, to study superoxide effect375

specifically. However, we did not noted differences concerning YO-PRO-1/PI labeling, suggesting that caspase376

activation would neither occur in presence of superoxide alone (apoptotic index dynamics in Experiment 2377

seemed to follow caspase activation dynamics in Experiment 3). As indicated in the introduction, the presence378

of functional apoptotic pathways is a controversial issue in spermatozoa. Nevertheless, apoptotic markers can379

be detected, and it cannot be discarded that they may have an effect on sperm fate (Paasch et al., 2004a;380

Wundrich et al., 2006; Martin et al., 2007; Bejarano et al., 2007). Based in our results, it is possible that H2O2381

would induce at least some elements of apoptotic pathways, but only in a reduced subpopulation of382

spermatozoa, as suggested previously (Weng et al., 2002). The plateau reached after 60 min by the proportion383
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of viable spermatozoa with activated caspases seems to support this idea, suggesting that a large proportion of384

spermatozoa were unable to show apoptotic markers in response to oxidative stress by H2O2. Another plateau385

was found when plotting the percentage of YO-PRO-1– spermatozoa stained by merocyanine 540, supporting386

the previous suggestion (Martinez-Pastor et al., 2008) that YO-PRO-1 staining might be preceded by other387

kind of membrane changes (Muratori et al. (2004) indicated that merocyanine 540 would stain cells with early388

membrane degeneration).389

These findings suggest —as a hypothesis for future studies— that apoptotic markers (such as caspase390

activation and YO-PRO-1 staining) would occur only in a subpopulation of spermatozoa. Previous studies391

seem to support this idea. Paasch et al. (2004a) and Grunewald et al. (2005) detected an increase in activated392

caspases after applying betulinic acid (an activator of the apoptotic intrinsic pathway) of human spermatozoa.393

Recently, Moran et al. (2008) showed that both betulinic acid and nitric oxide increased YO-PRO-1+/PI–394

spermatozoa in boar semen. These increases (either activated caspases or YO-PRO-1+/PI–) did only affect part395

of spermatozoa, just like we detected in the H2O2 treatment. The confirmation of this kind of subpopulations396

would represent a breakthrough finding, since many separation and evaluation methods for spermatozoa rely397

on the detection of apoptotic markers (such as phosphatidilserine externalization (Grunewald et al., 2006)).398

Alternatively, if these pathways were involved in sperm DNA damage (by activation of endogenous399

endonucleases (Gorczyca et al., 1993; Lamond et al., 2003)), caspase inhibitors (Eley et al., 2005; Marti et al.,400

2008) or mitochondrial protectors (Fernandez-Gomez et al., 2005; Hardeland, 2005; Lamond et al., 2003) may401

improve artificial reproductive techniques. In this study we did not find an increase of DNA damage as showed402

by the SCSA, but other techniques (such as oxidized bases detection (Shen & Ong, 2000)) might be more403

sensitive.404

Nevertheless, Moran et al. (2008) found that nitric oxide caused caspase activation in almost all viable405

spermatozoa, whereas, contrarily to findings in human sperm, betulinic acid could not increase activated406

caspases. This indicates that apoptotic markers activation, and its consequences, may depend on species and407
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inductors.408

In conclusion, our results show clear differences between ROS generators. Hydrogen peroxide was409

cytotoxic to red deer spermatozoa, agreeing with results in other species. This does not mean that superoxide410

and hydroxyl radicals had no effect, only that their effect was not evident on the studied traits. Taking into411

account that oxidant levels were chosen according to similar H2DCFDA fluorescence levels, factors such as412

half-life or membrane permeability only partly explain the observed differences. In fact, superoxide and413

hydroxyl radicals may trigger physiological pathways, disqualifying spermatozoa for further use. Moreover,414

only H2O2 seemed to cause an increase of apoptotic markers, and it seems that sperm subpopulations differing415

on its ability to display these markers may exist. Another interesting observation is the presence of activated416

caspases in red deer thawed spermatozoa, even in the absence of treatment. These results suggest future lines417

of work to improve sperm work in red deer and, possibly, small ruminants.418
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Figure captions583

Figure 1. Sperm parameters in the presence of different concentrations of Fe2+ (plus 100 µM sodium584

ascorbate) and/or 10 µM Trolox. ROS presence (H2DCFDA) is showed as the median fluorescence intensity of585

viable (PI–) spermatozoa, whereas the rest of parameters are percentages of motile, viable or viable+high-∆ψm586

spermatozoa. Model analyses are explained in the text. Data points are the mean±SEM of six experiments.587

Figure 2. Sperm parameters in the presence of different concentrations of H2O2 and/or of 10 µM Trolox. ROS588

presence (H2DCFDA) is showed as the median fluorescence intensity of viable (PI–) spermatozoa, whereas the589

rest of parameters are percentages of motile, viable or high-∆ψm spermatozoa. Model analyses are explained590

in the text. Data points are the mean±SEM of six experiments.591

Figure 3. Sperm parameters in the presence of different concentrations of XOD (plus 100 µM hypoxanthine),592

and two combinations of 10 µM Trolox. ROS presence (H2DCFDA) is showed as the median fluorescence593

intensity of viable (PI–) spermatozoa, whereas the rest of parameters are percentages of motile, viable or594

high-∆ψm spermatozoa. Model analyses are explained in the text. Data points are the mean±SEM of six595

experiments.596

Figure 4. Change in different parameters during the incubation of spermatozoa with different oxidative agents.597

The Apoptotic Index is the proportion of “apoptotic” (YO-PRO-1+/PI– spermatozoa) taking the population of598

viable spermatozoa (PI–). For the high-∆ψm and Merocianine 580 (M580) graphs, only the “non-apoptotic”599

population (YO-PRO-1–) was considered. For the Activated Caspases graph, only the viable population (PI–)600

was considered. Model analyses are explained in the text. Data points are the mean±SEM of six experiments.601
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FIGURE 1
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FIGURE 2
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FIGURE 3
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FIGURE 4
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