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Abstract 
The natural polyphenol resveratrol may be beneficial to many aspects of cell function and animal health, although 
its actions in the male reproductive system vary depending on animal species. This work investigates resveratrol 
effects on the quality of preserved boar semen during liquid storage at 17ºC. We used three approaches: 1) 
evaluation of conventional parameters of seminal quality, 2) measurement of specific response to capacitating 
stimuli, and 3) evaluation of mitochondria membrane potential and ATP content. Resveratrol supplementation 
causes i) a loss in the response of liquid stored boar spermatozoa to capacitating stimuli, ii) a decrease in the 
sperm ATP content and iii) a reduction in the mitochondrial membrane potential. Moreover, higher 
concentrations of resveratrol increase plasma membrane phospholipid disorder and reduce the percentage of 
motile spermatozoa. These results suggest that semen doses supplemented with resveratrol could be considered 
sub-fertile compared with semen stored hypothermically in standard conditions. 
Keywords: resveratrol, boar semen storage, calcium influx, ATP 
1. Introduction 
Nowadays in the worldwide pig production, artificial insemination (AI) is made with semen that has been extended 
in the liquid state and stored at 15-20ºC for 1 to 5 days (Johnson et al., 2000). AI allows a better distribution of 
genetic material of high quality and minimizes boar transportation. To preserve spermatozoa for prolonged periods, 
their metabolic activity needs to be reduced and this is approached by semen dilution into an appropriate medium 
and by lowering the temperature. Several commercial boar extenders have been proposed with this objective 
(Gadea, 2003), although the most widely used extender is the Beltsville-Thawing Solution (BTS) developed by 
Pursel and Johnson (1975) for thawing boar spermatozoa frozen in the pellet form, and later adapted for liquid 
storage (Pursel et al., 1978). Sperm membrane is rich in polyunsaturated fatty acid, which makes them very 
susceptible to oxygen-induced damage mediated by lipid peroxidation (LPO), especially in boar spermatozoa, 
which contains a high concentration of polyunsaturated fatty acids (Awda et al., 2009; Waterhouse et al., 2004). 
Several antioxidants have been used successfully in the supplementation of boars extenders: superoxide dismutase 
and catalase (Roca et al., 2005), α-tocopherol (Cerolini et al., 2000) and L-Glutamine (Funahashi & Sano, 2005). 
Resveratrol (RSV) is a natural grape-derived polyphenolic phytoalexin that possesses pleiotropic effects 
including anticancer, anti-aging, anti-inflammatory and anti-oxidant actions, as well as cardioprotection and 
neuroprotection (Fulda et al., 2010; Pervaiz & Holme, 2009). RSV effectively scavenges superoxide and 
peroxynitrite radicals generated from enzymatic and non-enzymatic systems, and afford protection against DNA 
damage caused by reactive oxygen species (ROS) in somatic cells (K. W. Lee & H. J. Lee, 2006).  

Effects of resveratrol in spermatozoa have been studied in recent works. Thus, RSV addition (0.1, 1.0 and 10.0 
mM) to cryopreservation medium of human spermatozoa is able to prevent cryopreservation-induced lipid 
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damage (Garcez et al., 2010) and at 10 mM also the cryopreservation-induced DNA damage (Branco et al., 
2010). Although in both studies RSV treatment is not able to prevent the observed reduction in sperm motility 
after thawing, they conclude that this polyphenol might be used for the process of cryopreservation of human 
spermatozoa, at least for intracytoplasmic sperm injection (ICSI) where motile spermatozoa are not needed to 
achieve fertilization. 
In a different specie, ram, the use of RSV in the cryopreservation medium causes a decrease in the mitochondrial 
membrane potential without any effects in spermatozoa motility, or the integrity of acrosome or plasma 
membrane (Silva et al., 2012). 
Collodel et al. (2011) describe that 100 µM resveratrol treatment leads to a loss in viability in human 
spermatozoa as well as in rat spermatocytes, although at 15 µM has a protector effect against ROS. 
Resveratrol has been also studied as an antioxidant added to the diet of rats (Juan et al., 2005), where results are 
beneficial. The lower diameter of seminiferous tubules together with an increase in the density of testicular 
tubules produces an increase in the spermatogenic tissue would explain the increase in the spermatozoa 
concentration observed in rats supplemented with 20 mg/Kg resveratrol in their diets.  
A recent investigation showed that intraperitoneal administration of resveratrol to rats prevents the loss of sperm 
motility, leads to a decrease in lipid peroxidation and prevents against oxidative stress occurring in rats with 
hyperthyroidism (Ourique et al., 2013). 
Based on the beneficial effects of RSV in different species, the objective of the present work is to study the use 
of resveratrol to improve the storage of boar seminal doses at 17ºC. Therefore, we have used different 
experimental approaches: 1) Evaluation of conventional sperm parameters to evaluate quality of seminal doses; 2) 
Evaluation of calcium influx and the specific sperm response to bicarbonate as proposed by Harrison et al. (1993), 
and 3) Analysis of resveratrol effects on sperm mitochondria membrane potential and ATP concentration. 
2. Materials and Methods: 
2.1 General Experiments Design 
2.1.1 Experimental Design 1 
A total of 12 ejaculates (6 males, 2 ejaculates each) were diluted in BTS at final concentration of 35 x 106 

spermatozoa/mL and subsequently analyzed (day 0). Semen samples were treated without or with different 
concentrations of resveratrol: 10, 33, 66 and 100 µM or DMSO (0.14 %) and preserved at 17ºC for several days. 
Motility parameters as well as flow cytometry analyzed parameters (sperm viability, plasma membrane 
phospholipid disorder, acrosome membrane integrity and mitochondrial membrane potential) were analyzed at 
days 1, 4 and 7 of preservation. 
2.1.2 Experimental Design 2 
This experiment is aimed to analyze the calcium influx kinetics and specific response to capacitating conditions 
in spermatozoa stored at 17ºC in BTS without or with RSV at days 1, 4, and 7 of storage. A total of 8 ejaculates 
(n=8) from 8 different animals were diluted in BTS at final concentration of 20 x 106 spermatozoa/mL and 33 
and 100 µM RSV were added. The specific response to bicarbonate under capacitating conditions in vitro was 
assessed by monitoring the plasma membrane integrity and intracellular calcium concentrations after incubation 
of spermatozoa for 3 and 60 min. 
2.2 Chemicals and Sources 
Beltsville-Thawing Solution was obtained from Minitüb GmbH (Tiefenbach, Germany). Live/dead spermatozoa 
viability kit including both propidium iodide (PI) and SYBR-14 probes, M540 and YoPro-1 probes were 
purchased from Molecular Probes (Leiden, The Netherlands). Resveratrol (3,4′,5-Trihydroxy-trans-stilbene), 
ATP kit (FL-AA), phosphatase inhibitor cocktail 2 (P5726) and FITC-PNA were from Sigma-Aldrich® (St Louis, 
MI, USA); coulter isoton II diluent was from Beckman Coulter Inc. (Brea, CA, USA).              
JC-1 (5,5′,6,6′–tetrachloro-1,1′,3,3′tetraethylbenzymidazolyl carbocyanine iodine) probe was purchased from 
Life Technologies Ltd (Grand Island, NY, USA), Fluo-3/AM from Axxora (Lörrach, Germany), 96 well plates 
(clear bottom, no. 655088) from Greiner bio-one, and Percoll®-saline from GE Healthcare (Munich, Germany). 
The rest of the chemicals were purchased from Merck (Darmstadt, Germany) and Roth (Karlsruhe, Germany). 
2.3 Animals, Sample Collection and Semen Preparation 
Fourteen boars (Duroc, Pietrain and German Large White breed, 2-4 years of age) housed at a commercial 
insemination station (Tecnogenext, S.L (Spain)) and at the Unit for Reproductive Medicine of Clinics 
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(University of Veterinary Medicine Hannover, Germany) were used as ejaculate donors. Artificial insemination 
using liquid preserved semen from these boars demonstrated their fertility. Fresh ejaculates were collected with 
the gloved hand technique and immediately placed in a water bath at 37ºC. After collection, a computer-assisted 
sperm analysis system (CASA) (ISAS Psus®, Proiser R+D S.L., Paterna, Valencia) was used for the evaluation of 
sperm concentration and motility. Morphology was evaluated by eosin-nigrosin staining, a total of 200 
spermatozoa per ejaculate were evaluated by oil immersion microscopy objective 100X. Only ejaculates with at 
least 80% morphologically normal spermatozoa, 70% motile spermatozoa and a total number of spermatozoa 
higher than 10 x 109 were used. Immediately after collection, sub-samples of each ejaculate were diluted in BTS 
extender (Minitüb GmbH, Germany) and treated as follows: a) supplementation with different concentrations of 
resveratrol (70 mM stock solution in dimethyl sulfoxide, DMSO), b) addition of the highest DMSO 
concentration (0.14 %) used to supplement resveratrol, and c) untreated sub-sample (BTS). Sperm sub-samples 
were cooled at room temperature for 1.5 h and subsequently stored in a refrigerated incubator (FOC 225 I, VELP 
Scientifica, Usmate, Italy) at 17ºC in sealed containers excluding air, in an anaerobic medium, for seven days. 
2.4 Assessment of Spermatozoa Motility 
Prior to motility analysis, seminal doses (500 µL) were incubated for 40min with 5 % CO2 at 38.5ºC (Mini 
Galaxy A, RS Biotech, United Kingdom). After gentle mixing, semen was examined for motility pattern using a 
CASA system (ISAS® program, Proiser R+D, Paterna, Valencia, Spain) following the manufacture’s guidelines. 
A total of 2 µL of sample were placed in a pre-warmed counting chamber (Leja®, Nieuw-Vennep. The 
Netherlands). At least 300 spermatozoa per sample were analyzed and the following sperm motility parameters 
were recorded: total motile spermatozoa (percentage of spermatozoa with an average path velocity > 10 µM/s), 
progressive motile spermatozoa (percentage of spermatozoa with a straightness coefficient > 80 %), VCL 
(curvilinear velocity in µM/s), VSL (straight-line velocity in µM/s), VAP (average path velocity in µM/s), LIN 
(linearity coefficient in %) and STR (straightness coefficient in %). 
Examinations at the University for Veterinary Medicine in Hannover were carried out with SpermVision® 
program as described in Henning et al. (2012). A 0.63 camera adapter (U-PMTVC tv-0.63, Olympus, Hamburg, 
Germany) was used. 
2.5 Flow Cytometry Analysis 
In experiment one, a Coulter EPIC XL flow cytometer (Beckman Coulter Ltd.) was used to evaluate sperm 
viability, plasma membrane phospholipid disorder, acrosome membrane integrity and mitochondrial membrane 
potential and data were analyzed using a FACStationTM and EXPOTM 32 ADC software (Beckman Coulter, 
Inc.). Fluorophores were excited by a 15 mW argon ion laser operating at 488 nm. A total of 10,000 gated events 
(bases on the forward scatter and side scatter of the sperm population recorded in the linear mode) were collected 
per sample with a sample running rate of approximately 500 events/sec. Fluorescence data were collected in the 
logarithmic mode.  
In experiment two, a DAKO Galaxy flow cytometer (DAKO, Hamburg, Germany) controlled by FloMax 
software (version 2.4, Partec, Münster, Germany) was used for intracellular calcium analysis (Hoechst 33342, PI, 
Fluo-3) and assessment of plasma and acrosomal membrane integrity (Hoechst 33342, PI, FITC-PNA). The cells 
were excited at two spots while passing the cuvette: first at a wavelength of 488 nm (argon ion laser; 20 mW) 
and second at a wavelength of 365 nm (mercury lamp; 100 W). Fluorescence signals were detected using a 
455/10 band pass filter (Hoechst 33342), a 537.5/22.5 nm bandpass filter (Fluo-3, FITC-PNA), and a 630 nm 
long pass filter (PI). A logical gate was used to identify the sperm population based on positive staining for 
Hoechst 33342 (DNA-containing events) and on being in the expected size range for spermatozoa in the forward 
scatter distribution. A total of 10,000 events fitting the definition of the logical gate were counted. The overlap of 
spectra between PI and Fluo-3 or FITC-PNA was compensated post acquisition. 
2.6 Assessment of Spermatozoa Viability 
As described previously (Martin-Hidalgo et al., 2011), fluorescent staining using the LIVE/DEAD Sperm 
Viability Kit was performed to assess porcine spermatozoa viability. Briefly, 100 µL of liquid preserved semen 
(35 x 106 cells/mL) was diluted with 400 µL isotonic buffer (coulter isoton II). 5 µL of SYBR-14 (2 µM final 
concentration) and 10 µL of propidium iodide (5 µM final concentration) were added to 500 µL of the diluted 
sample and incubated for 20 min at room temperature in the darkness. After incubation, cells were analyzed by 
flow cytometry and the percentage of viable spermatozoa (SYBR14-positive and PI-negative) was recorded. 
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2.7 Assessment of Spermatozoa Plasma Membrane Phospholipid Disorder 
Changes in membrane phospholipid disorder were assessed by using a merocyanine 540 (M540) and YoPro-1 
double staining. Aliquots of 100 µL of each semen sample (35 x 106 cells/mL) were diluted in 400 µL of isotonic 
buffered diluent containing 2 µL of YoPro-1 (0.08 µM final concentration), then mixed and incubated at 38ºC 
for 15 min. Just before analysis, 2 µL of M540 (4 µM final concentration) was added to each sample and 
incubated for 2 min and mixed before flow cytometry analysis. Labeled spermatozoa were categorized as (1) 
viable cells with low plasma membrane phospholipid disorder (YoPro-1-/M540-); (2) viable cells with high 
plasma membrane phospholipid disorder (YoPro-1-/M540+); or (3) non-viable cells with altered permeability of 
the plasma membrane (Yo-Pro-1+). 
2.8 Assessment of Spermatozoa Acrosome Integrity 
The acrosomal status of spermatozoa was assessed after staining the spermatozoa with 
fluorescein-isothiocyanate conjugated peanut agglutinin (PNA-FITC), as a marker for acrosome status, and PI. 
Aliquots of 100 µL of each semen sample (35 x 106 cells/mL) were incubated at room temperature in the dark 
for 5 min with 5 µL of PNA-FITC stock solution (3 µg/mL in DMSO) and 5 µL of PI (6 µM final concentration). 
Just before flow cytometry analysis, 400 µL of isotonic buffered diluent was added to each sample. Cells were 
analyzed and the percentage of live spermatozoa with damaged or reacted acrosome (PI-negative and 
PNA-positive spermatozoa) was recorded. 
2.9 Assessment of Spermatozoa Mitochondrial Membrane Potential 
Mitochondrial membrane potential variations were evaluated using the probe JC-1. This lipophilic cationic 
fluorochrome JC-1 is present as protomeric aggregates in mitochondria with high membrane potential and emits 
light in the orange spectrum (590 nm) when excited at 488 nm. In mitochondria with low membrane potential, 
JC-1 is present as monomers that emit light in the green spectrum (525 nm). From each sperm sample, 100 µL 
(35 x 106 cells/mL) were diluted in 400 µL of isotonic buffered diluent containing 3 µL of JC-1 (1 µM final 
concentration) and then mixed and incubated at 38ºC for 30 min. The samples were mixed before flow cytometry 
analysis. The percentage of orange stained cells, which represents the population of male germ cells with high 
mitochondrial membrane potential (hMMP), was recorded. 
2.10 Assessment of Calcium Influx in Spermatozoa 
Calcium influx and the specific response to bicarbonate in liquid preserved boar spermatozoa were assessed as 
described in Henning et al. (2012) with minor modifications. Three types of a Tyrode’s medium were used for 
exposing spermatozoa to capacitating or non-capacitating conditions. The complete Tyrode’s medium or 
TyrBicCa consisted of 96 mM NaCl, 20 mM HEPES, 5 mM glucose, 3.1 mM KCl, 0.4 mM MgSO4, 0.3 mM 
KH2PO4, 100 µg/mL gentamycin sulfate (SERVA, Heidelberg, Germany), 20 µg/mL phenol red, 1.0 mM 
sodium pyruvate, 21.7 mM sodium lactate, 3 mg/mL bovine serum albumin (Cohn’s fraction V, fatty acid free), 
15 mM NaHCO3 and 2 mM CaCl2. In the non-capacitating control media, either bicarbonate (TyrCa) or both, 
bicarbonate and CaCl2 (TyrControl), were omitted. In TyrControl 1 mM Na2-EGTA (disodium ethylene glycol 
tetracetate) was added. All media were adjusted to a pH of 7.4 at 38ºC and an osmolality of 300±5 mOsmol/kg. 
For equilibration, TyrBicCa was kept in an incubator (38°C) under 5% CO2 and 100% humidity, whereas TyrCa 
and TyrControl were kept sealed in a heating cabinet (38°C). 
Spermatozoa were prepared by adding 2 µL of a Fluo-3/AM stock solution (1 mM in DMSO) to 2 mL of sperm 
suspensions (20 x 106 spermatozoa/mL) and incubated in the dark at room temperature. After 30 min, 
spermatozoa were centrifuged through a discontinuous gradient of 35 and 70% iso-osmotic Percoll® saline 
essentially as described by Harrison et al. (1993). Spermatozoa were layered over a two-step gradient of 4 mL of 
35 % Percoll-saline on 2 mL of 70% Percoll-saline. Tubes were centrifuged at 300 g for 10 min followed by 15 
min at 750 g. After centrifugation, the supernatant was aspirated and sperm pellet was resuspended in 
TyrControl without RSV and BSA. The suspension of Fluo-3 loaded and washed sperm was kept in the dark at 
ambient temperature and used within 30 min of preparation. Aliquots of 5 µL of Fluo-3-loaded sperm were 
diluted in 995 µL of TyrBicCa, TyrCa or TyrControl medium without RSV added and supplemented with PI 
(final concentration 2.5 µg/mL) and Hoechst 33342 (final concentration 0.75 µg/mL). Samples were analyzed 
after 3 and 60 min on the DAKO Galaxy flow cytometer. Signals for PI distinguished between death cells with 
defective plasma membranes (PI-positive) and live cells with intact plasma membranes (PI-negative), whereas 
Fluo-3 signal subdivided the PI-negative spermatozoa population into cells with a low Fluo-3 fluorescence signal 
(live, low-Ca2+ sperm cells; Fluo-3-negative) and those with a higher Fluo-3 fluorescence signal (live, high-Ca2+ 
sperm cells; Fluo-3-positive). The change in the amount of a spermatozoa subpopulation between 3 and 60 min 
of incubation in TyrBicCa, TyrCa or TyrControl medium indicates the responsiveness of a sperm sample to 
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capacitating conditions (Henning et al., 2012; Schmid et al., 2013). Responsiveness was calculated as changes in 
the live, low- Ca2+ subpopulation (PI-negative/ Fluo-3-negative; ∆ = 60 min-3 min). The specific response to 
bicarbonate upon exposure of spermatozoa to capacitating conditions was calculated as the difference in the 
responsiveness to incubation conditions in TyrBicCa (∆60-3) and TyrCa (∆60-3) as described in Schmid et al. 
(2013). 
2.11 Quantification of ATP Spermatozoa Content 
ATP content of spermatozoa was quantified at storage temperature as well as after incubation at 38°C. The 
assessments were done according to Long and Guthrie (2006) with minor modifications. Immediately after 
removal from the refrigerated incubator, a total of 100 µL of stored semen (20 x 106 spermatozoa/mL) was mixed 
with 1 µL of phosphatase inhibitors. Another 100 µL of stored semen were incubated with 5 % CO2 at 38.5ºC for 
40 min and then 1 µL of phosphatase inhibitors was added. After 30 min incubation with inhibitor at room 
temperature, spermatozoa were frozen and stored at -20ºC. For ATP extraction, samples were boiled for 10 min 
with 900 µL of boiling buffer (50 mM Tricine, 10 mM MgSO4, 2 mM EDTA, pH= 7.8) and then chilled on ice for 
10 min and centrifuged at 5,000 g for 30 min at 4 °C. ATP content was measured in 25 µL of the supernatant using 
the ATP bioluminescent assay kit (FL-AA) from Sigma-Aldrich® following the manufacturer’s guidelines. The 96 
well microtiter plates were measured in a SpectraFluor Plus plate reader (Tecan Group Ltd., Maennedorf, 
Switzerland). 
2.12 Statistical Analysis 
A power analysis was conducted to determine the appropriate number of animals and samples. The mean and 
standard error of the mean were calculated for descriptive analysis. Q-Q plots were used to check for departures 
from the normal distribution. All the sperm variables satisfied the normality requirement for a parametric 
analysis of variance. 
The effects of treatment (untreated and Resveratrol) and storage time (1, 4 and 7 days) on several seminal 
characteristics (motility, ATP content, viability, plasma membrane phospholipid disorder, acrosomal membrane 
integrity, mitochondrial membrane status and intracellular calcium content) were analyzed statistically using a 
General Linear Model, mixed-effects model (with boars and ejaculates within boars as random effects and 
treatment and storage time as fixed effects) was applied to the experimental design. Bonferroni’s test was used to 
perform post hoc tests. The Pearson’s correlation test was used to study the correlation among the quantity of 
ATP with different motility parameters (percentage of motile spermatozoa, VCL, VAP and VSL) and resveratrol 
concentration used. All analyses were performed using SPSS v15.0 for Windows software (SPSS Inc. Chicago, 
IL). The level of significance was set at p < 0.05, except for the study of correlation where the level of 
significance was set at p < 0.01. 
3. Results 
In this work, the possible effect of solvent DMSO (0.14 %) was tested for all investigated parameters and no effect 
was observed compared with semen stored in BTS alone (data not shown). 
3.1 Effect of Resveratrol on Spermatozoa Motility During Boar Semen Storage at 17ºC in BTS 
To evaluate the effect of RSV in spermatozoa motility parameters during semen storage, boar seminal doses were 
diluted in BTS without or with different concentrations of RSV (10, 33, 66 and 100 µM). After BTS dilution (day 
0) and after 1, 4 and 7 days of storage at 17ºC, seminal doses were incubated with 5% CO2 at 38.5ºC during 40 min 
to ensure motility and then motility parameters were evaluated (experimental design 1). 
At low doses (10 and 33 µM) RSV addition was without effect in the percentage of motile spermatozoa (Table 1). 
However, addition of higher doses of RSV (66 and 100 µM) caused a statistically significant reduction in the 
percentage of motile spermatozoa starting at 4 days of storage (Table 1). A similar RSV effect was observed in the 
velocity parameters (Table 1) with a clear and statistically significant reduction in VCL (Table 1), VAP and VSL 
(data not shown) in spermatozoa stored in presence of 66 and 100 µM of RSV. 
Addition of RSV was without any effect in both the linearity of spermatozoa movement, as well as in the 
percentage of spermatozoa showing progressive movement at any dose or storage time (Table 2). 
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Table 1. Spermatozoa motility parameters after addition of different resveratrol concentrations to boar semen 
doses preserved at 17ºC for 7 days 

 
MOTILE SPERMATOZOA (%) CURVILINEAR VELOCITY (µm/s) 

Day 0 Day 1 Day 4 Day 7 Day 0 Day 1 Day 4 Day 7 

BTS 

93.4±1.7a 

91.0±1.7a,1 89.8±1.5ab,1 79.1±3.2b,1 

74.6±5.4a

76.4±4.85a,1 78.1±4.2a,1 75.4±4.7a,1 

RSV10 91.0±2.4a,1 88.5±2.2ab,1 79.8±3.7b,1 76.6±4.7a,1 72.2±4.1a,1 76.3±4.3a,1 

RSV33 91.3±2.3a,1 86.3±2.0a,1 72.9±5.4b,1 78.3±4.7a,1 70.4±4.1a,1 65.6±4.6a,1,2 

RSV66 86.8±3.3a,b,1 80.6±2.7b,1,2 60.4±6.1c,2 76.9±3.7a,1 62.6±3.5a,1,2 53.5±3.9b,2,3 

RSV100 83.1±3.6a,b,1 71.9±4.7b,2 51.2±5.7c,2 64.3±3.6a,1 47.3±4.7b,2 44.3±3.2b,3 

Boar seminal doses were preserved at 17ºC during 7 days in BTS in absence or presence of different concentrations 
of RSV (10, 33, 66 and 100µM). Percentage of motile spermatozoa and curvilinear spermatozoa velocity (VCL in 
µm/s) were measured by CASA system (ISAS®) as described in Materials and Methods. Results are expressed as 
mean ± standard error of the mean (SEM) (n=12). Within a parameter (column) or within a RSV concentration 
given (row), different superscripts (a,b,c) mean statistical differences between days. Within a parameter and for a 
given day of preservation, differences between RSV concentrations are indicated by different numerical 
superscript (1, 2, 3). 
 
Table 2. Spermatozoa motility parameters after addition of different resveratrol concentrations to boar semen 
doses preserved at 17ºC for 7 days.  

 
PROGRESSIVE MOTILITY (%)  LINEARITY INDEX (%) 

Day 0 Day 1 Day 4 Day 7  Day 0 Day 1 Day 4 Day 7 

BTS 52.8±3.4a 55.5±3.0a,1 56.8±4.0a,1 47.6±3.3a,1  61.3±1.6a 61.9±1.6a,1 61.8±2.0a,1 56.1±1.9a,1

RSV10 58.1±2.9a,1 56.0±3.0a,1 48.8±3.4a,1  62.8±1.5a,1 61.5±1.6a,1 56.7±1.8a,1

RSV33 54.8 ±3.3a,1 58.1±3.6a,1 51.3±1.6a,1  61.0±1.6a,1 61.3±2.0a,1 56.5±0.9a,1

RSV66 54.5±3.1a,1 61.0±3.2a,1 51.2±1.8a,1  59.0±1.7a,b,1 60.9±1.8 a,1 54.2±1.3b,1

RSV100 58.6±2.0a,1 57.9±3.5a,1 48.2±1.6a,1  60.0±1.3a,1 57.1±2.0a,1 51.0±1.1 b,1

Boar seminal doses were preserved at 17ºC during 7 days in BTS in absence or presence of different concentrations 
of RSV (10, 33, 66 and 100µM). Progressive motility and linearity index was measured by CASA system (ISAS®) 
as described in Materials and Methods. Results are expressed as mean ± standard error of the mean (SEM) (n=12). 
Within a parameter (column) or within a RSV concentration given (row), different superscripts (a,b,c) mean 
statistical differences between days. Within a parameter and for a given day of preservation, differences between 
RSV concentrations are indicated by different numerical superscript (1, 2, 3). 
 
Table 3. Spermatozoa viability and the integrity of acrosome and plasma membranes after addition of different 
resveratrol concentrations to boar semen doses preserved at 17ºC for 7 days 

 
Boar seminal doses were preserved at 17ºC during 7 days in BTS in absence or presence of different concentrations 
of RSV (10, 33, 66 and 100 µM). Percentages of cell viability, plasma membrane phospholipid disorder and 
acrosomal integrity of spermatozoa were measured by flow cytometry as described in Materials and Methods. 
Results are expressed as mean ± standard error of the mean (SEM) (n=12). Within a RSV concentration given 
(row), differences between days for a given parameter (column) are indicated by different superscripts (a,b,c). 

 
CELL VIABILITY (SYBR-14+/PI-) ACROSOME INTEGRITY (PNA+/PI-) PLASMA MEMBRANE PHOSPHOLIPID 

DISORDER (M540+/YOPRO-) 

Day 0 Day 1 Day 4 Day 7 Day 0 Day 1 Day 4 Day 7 Day 0 Day 1 Day 4 Day 7 

BTS 93.4±1.7a 92.6 ± 0.5a,1 91.8 ± 0.8a,1 89.2 ± 1.3a,1 3.7±0.5a 4.2±0.7a,1 4.9±0.8a,1 8.1±1.7a,1 8.6±0.8a 8.8±0.6a,1 15.0±2.9a,b,1 22.0±4.1b,1

RSV10 91.5± 0.6a,1 89.2± 1.1a,1 88.7± 0.8a,1 4.0±0.5a,1 5.7±1.0a,b,1 9.4±2.5b,1 10.5±0.7a,1 14.2±2.9a,b,1 21.1±4.7b,1

RSV33 91.7± 0.5a,1 88.9± 1.0a,1 88.8± 0.8a,1 4.0±0.5a,1 5.2±0.7a,b,1 9.2±2.2b,1 10.1±0.8 a,1 15.9±3.3a,1 25.9±5.8b,1

RSV66 91.3 ± 0.4a,1 89.5 ± 1.0a,1 88.1 ± 1.0a,1 4.0±0.4a,1 5.6±0.8a,b,1 10.8±2.7b,1 10.5±0.8a,b,1 20.0±4.2b,c,1 28.3±5.8c,1

RSV100 91.5± 0.7a,1 89.8± 1.1a,1 86.1± 1.7a,1 4.2±0.7a,1 4.9±0.8a,1 12.3±2.9b,1 9.9±0.8a,1 22.8±4.6b,1 41.6±6.1c,2
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Within a parameter and for a given day of preservation (column), differences between RSV concentrations are 
indicated by different numerical superscript (1, 2, 3). 
3.2 Effects of Resveratrol on the Viability, Plasma Membrane Phospholipid Disorder and Acrosome Membrane 
Integrity of Spermatozoa During Boar Semen Storage at 17ºC in BTS 
To evaluate the effect of RSV in spermatozoa viability, plasma membrane phospholipid disorder and acrosome 
membrane integrity during semen storage we used the experimental design 1 described in materials and methods. 
The storage of boar semen in the presence of different doses of RSV (10, 33, 66 and 100 µM) did not affect either 
the percentage of viable spermatozoa with an intact plasma membrane or the percentage of spermatozoa presenting 
altered acrosomal membrane, compared with BTS alone at any storage time or dose (Table 3). 
Only the highest doses of RSV used (100 µM) caused a statistically significant increase in the percentage of 
spermatozoa showing a higher disorder on plasma membrane phospholipid on day 7 of semen storage (Table 3). 
3.3 Calcium Influx and the Specific Response to Bicarbonate in Boar Semen Stored at 17ºC in BTS in Presence of 
RSV 
To evaluate the effect of RSV on calcium influx and the specific response of boar spermatozoa to bicarbonate, boar 
seminal doses were diluted in BTS without or with different concentrations of RSV (33 and 100 µM). At 1, 4 and 
7 days of storage at 17ºC, specific response to bicarbonate upon exposure of spermatozoa to capacitating 
conditions was calculated as the difference in the responsiveness to incubation conditions in TyrBicCa (∆60-3) and 
TyrCa (∆60-3). Only boar seminal doses incubated with the highest dose of RSV show a statically significant 
reduction in the specific response to bicarbonate after 7 days of storage at 17ºC, with a 3-fold decrease compared 
with BTS alone (Table 4). 
 
Table 4. Specific response to bicarbonate in boar semen doses supplemented with different resveratrol 
concentrations and preserved at 17ºC 

 SPECIFIC RESPONSE 
BICARBONATE 

DESTABILIZING EFFECT OF 
EXTRACELLULAR CALCIUM 

 Day 1 Day 4 Day 7 Day 1 Day 4 Day 7 

BTS 43.9±4.1a,1 33.0±4.2a,1 21.5±4.2b,1 1.3±0.9a,1 3.7±1.4a,1 1.6±1.3a,1

RSV33 48.3±3.5a,1 39.7±2.2a,1 23.9±3.7b,1 3.8±1.7a,1 1.8±1.1a,1 3.5±2.9a,1

RSV100 44.3±6.4a,1 29.9±4.6a,1 6.8±5.2b,2 2.0±1.2a,1 -0.1±0.5a,1 11.5±4.0b,2

Responsiveness of spermatozoa was calculated as changes in the live, low- Ca2+ subpopulation (PI-negative/ 
Fluo-3-negative) at the beginning (3min) and after 60 min of incubation (∆ = 60 min-3 min) in TyrBicCa, TyrCa or 
TyrControl. The specific response to bicarbonate describes the difference in the responsiveness in TyrBicCa and 
TyrCa. The destabilizing effect of extracellular calcium was calculated as the difference in the responsiveness in 
TyrCa and TyrControl. Results are mean ± standard error of the mean (SEM) (n=8). Within a treatment (row), 
differences between days for a given spermatozoa response (column) are indicated by different superscripts (a,b). 
Within a given time (column), differences between RSV concentrations are indicated by different numerical 
superscript (1, 2). 
 
In addition, the destabilizing effect that can be attributed to the presence of extracellular calcium was monitored as 
the difference in the responsiveness to incubation conditions in TyrCa and TyrControl. After 7 days storage at 
17ºC, seminal doses stored in presence of RSV 100 µM showed a statistically significant increase in the amount of 
spermatozoa that destabilized due to the presence of extracellular calcium. Values were 7-fold higher when 
compared with BTS alone (Table 4). 
3.4 Effects of Resveratrol on Mitochondrial Membrane Potential and ATP Content of Boar Semen Preserved at 
17ºC in BTS 
To evaluate the effect of RSV on mitochondrial membrane potential during semen storage, boar seminal doses 
were diluted in BTS without or with different concentrations of RSV (10, 33, 66 and 100 µM; experiment 1). After 
BTS dilution (day 0) and after 1, 4 and 7 days of semen storage at 17ºC, mitochondrial membrane potential of 
spermatozoa was evaluated. Supplementation with any dose of RSV causes a significant decrease in the percentage 
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of spermatozoa displaying high MMP at any time of semen storage (Table 5), showing the higher and statistically 
significant effect at 1-day storage at 17ºC for any dose of RSV use (Table 5). 
 
Table 5. Mitochondrial membrane potential after addition of different resveratrol concentrations to boar semen 
doses preserved at 17ºC for 7 days 

 
HIGH MITOCHONDRIAL MEMBRANE POTENTIAL (%) 

Day 0 Day 1 Day 4 Day 7 

BTS 73.5±2.6a 65.8 ± 3.9a,1 76.4± 2.8a,1 76.2 ± 4.2a,1 

RSV10 35.7± 8.7b,2 40.4± 11.1a,1 44.9± 10.5a,2 

RSV33 38.3 ± 8.0b,c,1,2 52,2 ± 6.8a,c,1 50.0 ± 9.0a,b,1,2 

RSV66 32.4± 8.7b,2 55.5± 6.1a,b,1 59.3 ± 6.1a,b,1,2 

RSV100 31.7± 8.1b,c,2 50.1± 8.1a,c,1 62.0± 6.0a,1,2 

Boar seminal doses were preserved at 17ºC during 7 days in BTS in absence or presence of different concentrations 
of RSV (10, 33, 66 and 100µM). Percentage of spermatozoa with high mitochondrial membrane potential was 
measured by flow cytometry as described in Materials and Methods. Results are expressed as mean ± standard 
error of the mean (SEM) (n=12). Within a treatment (row), differences between days (column) are indicated by 
different superscripts (a,b,c). Within a given time (column), differences between RSV concentrations are indicated 
by different numerical superscript (1,2,3). 
 
To evaluate the effect of RSV on ATP content during semen storage, boar seminal doses were diluted in BTS 
without or with different concentrations of RSV (33 and 100 µM; experiment 2). ATP content was determined 
directly from the stored samples (17°C) and after 40 min incubation at 38.5ºC under 5% CO2 atmosphere to 
activate spermatozoa. Compared with BTS alone, both concentrations of RSV (33 and 100 µM) caused a clear and 
statistically significant decrease in the ATP content of spermatozoa at any time storage. The decrease in ATP 
content was present under unstimulated and stimulated conditions (Table 6). Analysis of data showed a 
statistically significant negative correlation between ATP concentration of spermatozoa and the dose of RSV used 
(r=-0.767, p<0.01). Moreover, further analysis of data from semen stored at 17ºC showed a significant positive 
correlation between the spermatozoa ATP content (Table 6) and the percentage of motile spermatozoa (r=0.463; 
p<0.01), VCL (r=0.380; p<0.01), VAP (r=0.489; p<0.01) and VSL (r=0.557; p<0.01). 
 
Table 6. ATP levels in spermatozoa of boar semen doses supplemented with different resveratrol concentrations 
and preserved at 17ºC 

 
ATP Content (pmol/106 spermatozoa) 

 Day 1 Day 4 Day 7 

17ºC 
(Unstimulated) 

BTS 119.0±21.4a,1 138.0±13.4a,1* 107.2±13.1a,1 
RSV33 22.9±5.0a,2 49.3±13.3a,2* 34.0±5.0a,2 
RSV100 8.2±1.9a,2 8.7±2.3a,3 9.5±2.7a,2 

40 min, 38.5ºC, 5% CO2  
(Stimulated) 

BTS 104.6±17.2a,1 94.4±18.6a,1* 98.7±17.0a,1 
RSV33 20.8±3.8a,2 19.8±3.8a,2* 26.2±5.1a,2 
RSV100 6.9±1.8a,2 7.3±2.2a,2 4.5±2.1a,2 

Boar seminal doses were preserved at 17ºC during 7 days in BTS in absence or presence of different concentrations 
of RSV (33 and 100 µM). Spermatozoa ATP content was measured as described in Materials and Methods. Results 
are expressed as mean ± standard error of the mean (SEM) (n=6). Within a RSV concentration (row), different 
superscripts (a,b,c) indicate statistical differences between days. Within a preservation day (column) differences 
between RSV concentrations are indicated by different numerical superscript (1,2). Within a day of preservation 
and treatment, differences between unstimulated and stimulated are indicated as (*). 
 
 



www.ccsenet.org/jas Journal of Agricultural Science Vol. 5, No. 8; 2013 

239 

4. Discussion 
At present, a large number of studies show that the natural polyphenol resveratrol may be beneficial to many 
aspects of cell function and animal health; however, this compound displays a dichotomy: low doses can improve 
cell function while high doses increase cell death with a concomitant decrease in the mitochondrial membrane 
function (Fulda et al., 2010; Low et al., 2010; Pervaiz & Holme, 2009; Sareen et al., 2006; Zini et al., 1999; Zunino 
& Storms, 2006). Regarding male reproductive system, some studies have focused in the actions of resveratrol 
with divergent results (Branco et al., 2010; Collodel et al., 2011; Garcez et al., 2010; Juan et al., 2005; Ourique et 
al., 2013; Silva et al., 2012). 
In the present study, results obtained with conventional parameters to determine the quality of boar semen doses do 
not allow to respond to the question of whether RSV addition improves preservation of semen doses stored at 17ºC 
or whether has an adverse effect. 1) Our data do not show any adverse effect of RSV on the plasma membrane 
integrity (viability) of boar spermatozoa preserved in seminal doses in BTS at 17ºC with no cytotoxic activity at 
any dose or time evaluated; thus boar spermatozoa are less sensitive to the possible harmful of RSV than swim-up 
selected human spermatozoa where treatment with 100 µM RSV caused almost a 100% of spermatozoa death 
(Collodel et al., 2011); 2) Moreover, our study shows that supplementation of boar semen with high doses of RSV 
causes a small decrease in the percentage of total motile spermatozoa as well as in spermatozoa velocities after 4 
and 7 days storage whereas low doses of RSV are without any effect on sperm motility parameters. Similar results 
were obtained in swim-up selected human spermatozoa where high doses of RSV were able to inhibit progressive 
motility whereas low doses of RSV cause high values of progressive motility (Collodel et al., 2011); however, the 
addition of RSV before ram sperm cryopreservation was without effect on progressive motility (Silva et al., 2012), 
whereas addition of RSV to ram spermatozoa kept at 5ºC for 9 days induced a significant lower reduction in 
spermatozoa motility (Sarlos et al., 2002); 3) Regarding RSV effect in the plasma membrane phospholipid 
disorder and acrosomal membrane integrity during boar semen storage, results obtained are similar to those in 
sperm motility. Whereas high doses of RSV show a slight negative effect in the percentage of spermatozoa 
showing high plasma membrane phospholipid disorder after 7 days liquid storage, however, RSV doses of    
10-66 µM µM are without any effect in these parameters. In the case of ram semen cryopreserved with RSV there 
were no differences among different doses (from 5 to 20 µg/mL) with regards both plasma membrane or acrosome 
integrity (Silva et al., 2012) or even a decrease was observed in the percentage of ram spermatozoa with acrosomal 
damage after long term storage at 5ºC (Sarlos et al., 2002). In summary, the use of conventional sperm parameters 
to test the quality of boar semen doses incubated in presence of RSV does not allow us to point to a potential 
beneficial effect of this polyphenol in the cellular function of spermatozoa during boar semen storage at 17ºC. 
Contradictory results with RSV supplementation could be attributed to RSV action being affected by several 
factors including animal species under study, extender medium used or to the treatment of sperm samples 
(cryopreservation, swim-up or refrigerated storage). Moreover, conventional sperm parameters used to test the 
quality of boar semen doses mostly are too insensitive to assess the fertilization potential of liquid stored semen 
(Waberski et al., 2011). In recent studies, effort has been focused to test whether spermatozoa membranes retain 
their ability to respond to oviductal signals, considering dynamic responses in spermatozoa under experimentally 
mimicked fertilizing conditions (Henning et al., 2012; Petrunkina et al., 2005a). Several studies have indicated that 
a certain subpopulation of boar spermatozoa may loose their responsiveness to the capacitating stimulus 
bicarbonate during hypothermic storage (Green & Watson, 2001; Guthrie & Welch, 2005; Harrison et al., 1996; 
Petrunkina et al., 2005b). Henning et al. (2012) showed that the comparison of calcium-dependent spermatozoa 
responses between three different media, capacitating Tyrode’s medium, (including calcium and bicarbonate), 
bicarbonate-free Tyrode’s medium and calcium- and bicarbonate-free medium, sensitively detected 
storage-related changes in the spermatozoa population. Our results show that previous incubation in the presence 
of RSV 33 µM is unable to revert the decline in the response to bicarbonate and therefore the increasing inherent 
instability brought about by liquid storage time of boar semen. Moreover, conservation of seminal doses in the 
presence of RSV 100 µM induces a significant higher reduction in the response to bicarbonate together with a 
significant increase in the response to calcium in extended boar semen stored at 17ºC. As calcium is a source of cell 
instability this loss in the calcium homeostasis is proposed to be the best parameter to assess the destabilization of 
spermatozoa membrane (Henning et al., 2012). Our results show that addition of RSV to extended boar semen 
stored at 17ºC induces a higher loss of calcium homeostasis related with a greater membrane destabilization which 
compromises capacitation dynamics and thereby the chances of fertilization. 
Our more evident result is likely the diminution of mitochondrial membrane potential observed in spermatozoa 
treated with any concentration of RSV (10-100 µM). Similar results were obtained in frozen-thawed ram 
spermatozoa showing the control group a higher proportion of spermatozoa with high mitochondrial membrane 
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potential than in RSV 20 µg/mL treated group (Silva et al., 2012). The decrease in the mitochondrial membrane 
potential caused by RSV has been widely described in somatic cells and has allowed its use in cancer treatment 
since RSV is able i) to regulate the mitochondrial permeability transition pore (Zunino & Storms, 2006), ii) to 
increase the mitochondrial superoxide production (Low et al., 2010), iii) to decrease the mitochondrial membrane 
potential (Sareen et al., 2006; van Ginkel et al., 2007) and iv) to disrupt the mitochondrial respiratory chain (Zheng 
& Ramirez, 2000; Zini et al., 1999). The ATP content diminution in RSV treated boar spermatozoa is very clear in 
our study, falling between 3-6 times when using 33 µM RSV and 10 to 20 times when using 100 µM RSV. 
Spermatozoa movement requires ATP hydrolysis catalysed by dynein ATPases localized at the axoneme (Tash 
1989). The amount of ATP in non-treated samples does not vary along the time of preservation (p>0.05), which is 
in agreement with previous results from Long and Guthrie (2006) in boar seminal doses, although our values are 
slightly higher. We have obtained much lower values of ATP in spermatozoa treated with 33 and 100 µM RSV 
compared with control spermatozoa at any time of preservation, which can be the cause for a parallel decrease in 
sperm motility. Positive correlations were found between the amount of ATP and the percentage of motile 
spermatozoa in the RSV treated samples compared to control. This finding confirms the work of Gogol et al. (2009) 
demonstrating that when ATP levels of boar seminal doses decreases, the percentage of motile spermatozoa also 
decrease. In addition, we have found a significant correlation between spermatozoa ATP level and velocities that 
may explain why those spermatozoa from seminal doses treated with RSV that contain lower amount of ATP than 
control (BTS), move with lower velocities. 
5. Conclusions 
Besides its possible negative effect in spermatozoa function, addition of RSV has been recommended in human 
sperm prior ICSI because it reduces sperm DNA damage during the process of cryopreservation (Branco et al., 
2010), prevents lipid damage induced by cryopreservation (Garcez et al., 2010) and is able to protect sperm against 
oxidative stress (Collodel et al., 2011). However, in boar spermatozoa, the loss in specific reactivity to capacitating 
stimuli together with the fall in ATP content, the mitochondrial membrane potential reduction, the increase of 
plasma membrane phospholipid disorder and the lower percentage of motile spermatozoa lead us to assume that 
RSV treated samples could be considered subfertile compared with semen stored hypothermically in the standard 
extender BTS. Our results do not support the use of RSV as a potential supplement to improve the quality of 
extended boar semen during storage at 17ºC. 
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