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Abstract 

Seminal plasma (SP) antioxidants are considered biomarkers of sperm function and 

fertility for AI-boars. The current protocol for their measurement implies the SP was 

harvested immediately after ejaculation and prompt stored at -80ºC until analysis. Such 

protocol may be impractical for AI-centers. This study evaluated how SP levels of 

antioxidants were influenced by delays in (1) SP-harvesting (0 [control], 2 or 24h at 17ºC 

after ejaculate collection), in (2) SP-freezing (0 [control] or 24h at 17ºC after SP-harvesting) 

or (3) the temperature of storage (-80ºC [control] or -20ºC). The SP-antioxidants evaluated 

were: glutathione peroxidase [GPx], superoxide dismutase [SOD], paraoxonase-1 [PON-1], 

trolox equivalent antioxidant capacity [TEAC] and oxidative stress index [OSI]. A total of 

120 aliquots from 10 entire ejaculates were handled in three trials. They were centrifuged 

(1,500g, 10 min) for harvesting SP and antioxidants were measured with an Automatic 

Chemistry Analyzer. A 24h-delay in harvesting the SP led to an increase (p˂0.001) in TEAC 

and SOD SP-levels, and a decrease (p˂0.05) of OSI and PON-1. Similarly, a 24h-delay to 

freeze the SP increased (p˂0.01) TEAC values and decreased (p˂0.01) PON-1 and GPx 

activity levels. Finally, storing the SP at -20ºC decreased (p˂0.001) SP-levels of TEAC, 

PON-1 and GPx, and increased (p˂0.01) OSI values. Strong positive relationships (p˂0.001) 

were found between antioxidant SP-levels in processed samples and their respective controls. 

In sum, handling and SP storage influence antioxidant measurements in AI-boars. Reliable 

levels of SP-antioxidants can only be warranted if a strict protocol for harvesting and SP 

storage is followed. 

 

Keywords: antioxidants, pig, seminal plasma, storage, processing 

1. Introduction 
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In the swine industry, artificial insemination (AI) is considered an indispensable tool 

for its efficiency to increase productivity and genetic progress (Roca et al., 2016a; Waberski 

et al., 2019). Recent improvements in AI-procedures leading to a reduction in both sperm 

numbers per AI-dose and the number of AI-doses per inseminated sow without impairing 

fertility outcomes, sharpens the level of influence that AI-boars have on the reproductive and 

hence the economic outcomes of breeding farms (Roca et al., 2016a). Therefore, predicting 

the fertilizing capacity of AI-boars is utterly important. Currently, conventional semen 

evaluation, including sperm quantity, motility and morphology, are used to class boar 

ejaculates for AI (Broekhuijse et al., 2011; Roca et al., 2016a; Waverski et al., 2019). 

However, the clear and evident differences between AI-boars in the ability of their sperm to 

sustain preservation, and in fertility post-AI, demands searching for better biomarkers 

(Parrilla et al., 2012; Roca et al., 2015). Consequently, current research has explored eventual 

biomarkers in seminal plasma (SP), a complex fluid mainly secreted by accessory sexual 

glands, that interacts with spermatozoa and the female genital tract once delivered in during 

insemination (Rodriguez-Martinez et al., 2011).  

Seminal plasma is rich in antioxidants protecting sperm against the oxidative stress 

(Barranco et al., 2015a) which is particularly damaging to boar spermatozoa due to its 

peculiar lipid plasma membrane composition (Strzezek et al., 1999; Bathgate, 2011; 

Koziorowska-Gilun et al., 2011). Recent studies have demonstrated the relevance of SP-

antioxidants, specifically superoxide dismutase (SOD), glutathione peroxidase (GPx), 

paraoxonase 1 (PON-1) and the trolox equivalent antioxidant capacity (TEAC), for boar 

sperm function, preservation and fertility after AI (Barranco et al., 2015a, 2015b, 2016, 

2019a; Li et al., 2018). Consequently, measurement of the levels of these antioxidants in SP 
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has been suggested as complementary tests to select boars for best semen production 

(Barranco et al., 2015a, 2015b, 2016, 2019a). 

The optimal protocol used in the above studies to measure the SP-antioxidants 

included harvesting the SP immediately after ejaculation, to reduce the potential interference 

with sperm, and storage at -80 ºC, to avoid any degradation. The SP was stored for up to 12-

months until analyzed in central laboratories, which were generally located away from AI-

centers. Indeed, a similar SP processing protocol that involves immediate SP harvesting after 

ejaculate collection and their storage at -80 ºC or -70 ºC, has been widely used in human 

studies for reliable SP antioxidant measurements (Peeker et al., 1997; Mahfouz et al. 2009, 

Benedetti et al., 2012; Otasevic et al., 2019). This handling proved useful for research with 

pigs, but is often unpractical in many AI-centers which, mainly for technical and working 

routine reasons claim for alternative protocols. Accordingly, the present study aimed to 

investigate the effects of (1) delaying SP-harvesting after ejaculate collection; (2) delaying 

the freezing of the harvested SP; and (3) the suitability of SP storage at -20 ºC, for their 

effects in the measurements of relevant SP-antioxidants, specifically GPx, SOD, PON-1, 

TEAC and Oxidative Stress Index (OSI).  

 

2. Material and methods 

 

2.1. Ethics statement 

The semen samples used in the experiment were provided by the AI-center of AIM 

Iberica (Topigs Norsvin Spain SLU) located in Calasparra (Spain). The center fulfills both 

Spanish (ES300130640127, August 2006) and European (ES13RS04P, July 2012) standards 
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for animal health and welfare and it is authorized for collection and commercialization of 

boar semen.  

 

2.2. Boars, ejaculates and seminal plasma 

Entire ejaculates were collected from mature (1.5 to 3 years), healthy and fertile AI-

boars (Landrace, Pietrain and Tempo) using a semi-automatic method (Collectis®, IMV 

Technologies, L'Aigle, France). Boars were housed in individual stalls in a closed building 

with controlled environmental conditions (16 h of daylight and 24-25 ºC of air temperature). 

The boars were subjected to regular semen collection of two ejaculates per week for the 

preparation of commercial AI-semen doses. The ejaculates used in this study fulfilled the 

standards of quantity and sperm quality mandatory for liquid AI-semen doses, namely more 

than 200 x 106 sperm/mL with 70% and 75% of them showing motility and normal 

morphology, respectively. All boars were free of chromosomal translocations and displayed 

rates of sperm nuclear chromatin fragmentation below 3%.  

Seminal plasma was harvested by double centrifugation at 1,500g at room 

temperature (RT) for 10 min (Rotofix 32A; Hettich Centrifuge UK, Newport Pagnell, 

Buckinghamshire, England, UK). The resulting SP samples were examined microscopically 

(Eclipse E400; Nikon, Tokyo, Japan) to ensure the total absence of spermatozoa. 

Subsequently, each SP sample was individually stored in cryotubes (3 mL) and processed as 

indicated in the experimental design (see below, Fig 1).  

 

2.3.Measurement of seminal plasma antioxidants 

The TEAC, OSI and the activity of GPx, PON-1 and SOD were measured in SP 

samples using an automated biochemistry analyzer (Olympus AU600 Automatic Chemistry 
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Analyzer, Olympus Europe GmbH, Germany). Each assay exhibited an intra- and inter-assay 

coefficient variations below 10%, depicting high linearity under serial dilutions. 

Measurements were made in duplicate for each SP-sample.  

 

2.3.1. Trolox equivalent antioxidant capacity (TEAC) 

The TEAC was assessed using a protocol previously described by Erel (2004). The 

method was based on 2,2′ -azinobis-(3-ethylbenzothiazoline-6-sulfonate) acid radical cation 

decolorization by non-enzymatic antioxidants, in accordance with their concentrations and 

antioxidant capacities. The color modification was assessed by changes in light absorbance 

at 660 nm. This assay was calibrated by 6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-

carboxylic acid (Trolox), expressing the TEAC-value of each SP sample as an equivalent of 

the mM-concentration of Trolox solution (mmol Trolox equiv./L). 

 

2.3.2. Total glutathione peroxidase (GPX) activity  

The total GPX activity was measured using a commercially available kit (RANSEL 

kit, RANDOX Laboratories, Crumlin, United Kingdom), following the manufacturer 

guidelines. Briefly, GPx catalyzes the oxidation of glutathione using cumene hydroperoxide 

and when NADPH and glutathione reductase were present, the oxidized glutathione was 

converted to the reduced form with immediate oxidation of NADPH to NAD+. The decrease 

in light absorbance was measured at 340 nm and the total GPx activity was defined as one 

unit to oxidize one μmol NADPH in one min, expressed as IU/L. 

 

2.3.3. Paraoxonase 1 (PON-1) activity  
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The PON-1 enzymatic activity was measured following the procedure described by 

Barranco et al. (2015b). Briefly, PON-1 activity was measured in vitro, assessing the 

hydrolysis of p-nitrophenyl acetate to p-nitrophenol. Before this analysis, acetazolamide (0.5 

mM) and di-isopropyl fluorophosphates (0.5 mM) were added to the SP samples, in order to 

warrant that there were no contaminant enzymes able to hydrolyze p-nitrophenyl acetate. The 

PON-1 activity was expressed as IU/mL. 

 

2.3.4. Superoxide dismutase (SOD) activity  

The SOD activity was assessed using a commercially available kit (RANSOD kit, 

RANDOX Laboratories), following the manufacturer guidelines. Briefly, this method was 

based on the formation of red formazan dye, generated by the reaction between the 

superoxide radical (produced by xanthine and xanthine oxidase) with 2-(4-iodophenyl)-3-(4-

nitrophenol)-5-phenyltetrazolium chloride (INT). Then, the SOD activity was assessed as the 

degree of inhibition of this reaction (one unit of SOD corresponds to a 50% inhibition of the 

rate of reduction of INT). The color change was evaluated by changes in light absorbance at 

505 nm and the SOD activity was expressed as IU/mL.  

 

2.3.5. Oxidative stress index (OSI) determination 

The total oxidative status (TOS) of SP was measured following a previously 

described procedure (Erel, 2005). This method was based on the oxidation Fe2+ to Fe3+ in 

acidic medium and in the subsequent interaction between Fe3+ with xylenol orange. This 

reaction gives a colored complex, whose intensity was consistent with the total of oxidants 

present in the SP sample. This assay was calibrated using H2O2 and the color change was 

evaluated by changes in light absorbance at 560 nm. The TOS was expressed as μmol H2O2 



8 
 

equiv./L. The OSI value was calculated according to the following formula (Wu et al., 2017): 

OSI (arbitrary unit) = TOS (μmol H2O2 equiv./L)/TEAC (mmol Trolox equiv./L).  

 

2.4.Experimental design  

The experiment used ten ejaculates (one per boar) in a factorial study 3 x 2 x 2 (Fig. 

1) to evaluate (1) three lapsed times between collection of ejaculate and harvesting of SP (0 

[control], 2 and 24 h); (2) two elapsed times from SP harvest to freezing (0 [control] and 24 

h); and (3) two frozen temperatures for storage (-80 ºC [control] and -20 ºC). A total of 12 

SP samples were obtained from each of the ten ejaculates. All SP samples were stored frozen 

for 12 months period in the Laboratory of the Veterinary Teaching Hospital of the University 

of Murcia (Spain) before antioxidant measurements on RT-thawed SP. Instability of each 

antioxidant was assessed comparing the measurements in SP samples obtained under 

different processing and storage conditions with those found in its respective SP samples 

obtained and stored frozen at -80 ºC immediately after ejaculate collection (control). 

As shown in Fig. 1, semen samples of the ten ejaculates were split into three aliquots 

that were twice centrifuged either immediately after ejaculate collection or after 2 and 24 h 

of storage at 17 ºC. Each resulting SP-sample was split in two aliquots and one was 

immediately frozen (a) whereas the other (b) remained stored at 17 ºC for 24 h before being 

frozen. Immediately prior to its frozen storage, these SP samples were again split into two 

aliquots: (x) one aliquot was stored at -20 ºC (Zanussi Tropic System, Electrolux España 

S.A.U, Madrid, Spain) and (y) the other aliquot at -80 ºC (control; Ultra-Low Freezer; Haier 

Inc., Qingdao, China).  

 

2.5.Statistical analysis 
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The IBM SPSS Statistics package version 24.0 (IBM Spain, Madrid) was used for the 

statistical analysis. Firstly, Shapiro-Wilk test was performed for testing the assumption of 

normality and data that were not normally distributed were square root transformed. A mixed 

ANOVA model and Bonferroni post-hoc test were used for evaluating the effects of elapsed 

time for SP harvesting (0 [control], 2 and 24 h), elapsed time from SP harvest to frozen 

storage (0 [control] and 24 h); and two freezing storage conditions for SP samples (-80 ºC 

[control] or -20 ºC) on SP antioxidant measurements, considering ejaculates as random 

effect. The mixed ANOVA analysis revealed no interactions (p ˃ 0.05) between the 

processing and storage conditions evaluated. Therefore, new mixed ANOVAs were 

performed for evaluating the effect of each one of processing and storage condition, including 

the two other conditions and ejaculates as random effects. Pearson's correlation coefficient 

test was applied to assess the relationship between SP antioxidant levels measured in the 

different processing and storage conditions. A p-value < 0.05 was considered to be 

statistically significant.  

 

3. Results  

The mixed ANOVA analysis revealed no interactions (p ˃ 0.05) between the 

processing conditions evaluated for semen and SP. Therefore, the effect of each condition on 

antioxidant measurements was separately evaluated. Looking at the first one, the delay in SP 

harvesting after ejaculate collection increased (p ˂ 0.001) TEAC and SOD SP-levels, and 

decreased (p ˂ 0.05) OSI and PON-1 (Fig. 2, Supplementary Table S1). However, while the 

24 h delay either increased or decreased the SP measurements of the four antioxidants, the 2 

h delay only increased (p ˂ 0.001) those of TEAC and SOD with the delay as time-length. 

In contrast, OSI values and PON-1 activity levels were lower (p ˂ 0.05) in SP samples 
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harvested 24 h after ejaculate collection than in those harvested 2 h or immediately after 

ejaculate collection. For all antioxidants assessed, their levels in SP samples harvested 

immediately after ejaculate collection (control) were positively correlated (p ˂ 0.001; 

coefficients [r] ˃ 0.75) with those found in SP samples harvested 2 and 24 h after ejaculate 

collection (Fig. 3).  

Regarding the second processing condition evaluated, a delay of 24 h in the freezing 

of SP increased (p ˂ 0.01) the TEAC levels and decreased (p ˂ 0.01) PON-1 and GPx values 

(Fig. 4, Supplementary Table S2). The PON-1 and GPx activity levels were lower (p ˂ 0.01) 

and the TEAC levels higher (p ˂ 0.01) in the SP samples frozen 24 h after SP harvesting than 

in those immediately frozen. For all antioxidants, their levels in SP frozen immediately after 

the SP was harvested (0 h; control) were positively correlated (p ˂ 0.001; r ˃ 0.9) with those 

found in SP samples frozen 24 h after SP harvest (Fig. 5). 

Finally, regarding the third SP processing condition evaluated, storage of SP samples 

at -20 ºC decreased (p ˂ 0.001) SP-levels of TEAC, PON-1 and GPx, and increased (p ˂ 

0.01) OSI values (Fig. 6, Supplementary Table S3). The activity levels of TEAC, PON-1 and 

GPx were higher (p ˂ 0.001) in the SP samples stored at -80 °C than in those stored at -20 

°C. In contrast, OSI values were lower (p ˂ 0.01) in the SP samples stored at -80 °C than in 

those stored at -20 °C. For all antioxidants, their levels in SP samples frozen at -80 ºC 

(control) were positively correlated (p ˂ 0.001; r ˃ 0.75) with those found in SP samples 

frozen at -20 ºC (Fig. 7). 

 

4. Discussion 

To the best of our knowledge, this is the first report in livestock evaluating the effects 

of SP-processing conditions on the stability of some antioxidants measured in SP samples. 
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The results evidenced that the processing conditions tested affected to a greater or lesser 

extent the five antioxidants analyzed, namely TEAC, OSI, PON-1, SOD and GPx.  

Harvesting SP immediately after ejaculate collection is sometimes a difficult task to 

adapt to the routine work of the AI-centers since it requires time and extra labor. Under this 

scenario, our first goal was to evaluate whether the delay in SP harvesting would affect the 

SP measurement of antioxidants. Delaying SP harvest would also allow sending raw semen 

samples to central laboratories to harvest and SP analysis. To simulate a delay in SP 

harvesting, freshly semen samples were stored for 2 and 24 h at 17 ºC, the usual temperature 

used in pig AI-centers for storing semen AI-doses. A delay of 2 h would allow the SP harvest 

to be adapted to the routine work of the center and a delay of up to 24 h would allow the raw 

semen to be sent to the central laboratories. The results demonstrated that a delay of 24 h in 

harvesting the SP should not be applied since it causes quantitative changes in many of the 

measured SP antioxidants, specifically for TEAC, OSI, PON-1 and SOD. A delay of 

maximum 2 h would be more practical but it also causes quantitative changes in two of the 

five SP antioxidant measured. The GPx was the only antioxidant measured whose SP activity 

values were not affected by the delays in SP harvesting hereby tested. Although no similar 

studies have been performed in SP, the effect of delaying centrifugation in blood affecting 

serum or plasma analytes, has been extensively reported in human (Clark et al., 2003; Karlsen 

et al., 2007; Tanner et al., 2008; Oddoze et al., 2012; Henriksen et al., 2014; Abraham et al., 

2019). In agreement with our results, these studies revealed that some analytes (including 

enzymatic and non-enzymatic antioxidants) measured in blood serum or plasma were 

affected by time (from 4 h to 24 h) and a variety of temperatures (from 2 ºC to 35 ºC) during 

which the whole blood was kept before centrifugation (Karlsen et al., 2007; Tanner et al., 

2008; Henriksen et al., 2014; Abraham et al., 2019). Abraham et al. (2019) postulated that 
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the continuous exchange between serum and cells along with loss of membrane integrity 

experienced by many cells in unprocessed blood samples leads to a constant release of intra-

cellular content, increasing serum levels of many analytes. This transfer from cells, in the 

case of semen from spermatozoa to the surrounding SP, would explain the progressive 

increase in TEAC and SOD activity levels as the delay in SP-harvesting increased. The fact 

that tocopherol (one of the contributors of the TEAC assay) and SOD are present in boar 

spermatozoa (Breininger et al., 2011; Zura Zaja et al., 2016) and the progressive loss of 

membrane integrity experienced by spermatozoa once ejaculated (Roca et al., 2016b) would 

support the above statement. In contrast to SOD, the levels of PON-1 activity were lower in 

the SP samples harvested 24 h after ejaculate collection. The well-known progressive 

increase in reactive oxygen species (ROS) experienced by boar semen samples during storage 

at 17 ºC, leading to an increase in sperm membrane lipid peroxidation (Kumaresan et al., 

2009; Barranco et al., 2019b), would be a rational explanation for the decreased levels in 

PON-1 observed in SP samples recovered later. Certainly, increased levels of oxidized lipids 

have been shown to inhibit PON-1 activity (Aviram et al., 1999). As expected, an increase 

in TEAC led to a decrease in OSI values, since TEAC is the denominator in the formula for 

determining OSI.  

Next, whether the harvested SP could be kept chilled for 24 h before frozen for 

storage was examined. This procedure would facilitate the handling of SP samples in AI-

centers since they have refrigerated chambers but rarely -80 ºC freezers. Therefore, a delay 

in the freezing of SP samples was experimentally simulated by preserving them for 24 h at 

17 °C, an interval and temperature classically used to send extended semen (or SP samples) 

from the AI-centers to the farms (or central laboratories). The results demonstrated that a 

delay of 24 h in freezing the SP decreased the levels of PON-1 and GPx and increased TEAC 
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levels, but did not affect SOD or OSI. Low-temperature causes inhibition or slowing of 

enzyme action and thus the rates of chemical reactions they catalyzed (Georlette et al., 2004). 

This may explain the lower activity levels for PON-1 and GPx observed in the SP stored at 

17 ºC for 24 h before freezing. Another putative explanation for the lower GPx activity would 

be a decrease in the availability of glutathione, the substrate, whose levels were found to 

decrease in human milk stored at 4 ºC or at RT for 2 h (Ankrah et al., 2000). More difficult 

to understand was the lower activity of PON-1 in the samples cooled for 24 h, an enzyme 

considered stable in body fluids when preserved by refrigeration, as it has been demonstrated 

with saliva (Rossi et al., 2013; Rubio et al., 2018). The stability of antioxidant measurements 

has been extensively evaluated in other biological fluids (e.g. blood serum, saliva or milk) of 

different mammalian species, including pigs, stored at 4 ºC and/or at RT (25 ºC) for at least 

24 h, achieving contradictory results (Craft et al., 1988; Hooser et al., 2000; Hanna et al., 

2004; Celi et al., 2010; Rossi et al., 2013; Rubio et al., 2018; Barranco T. et al., 2019). For 

instance, Rubio et al. (2018) reported that measurements of antioxidant status, including 

TEACH, in dog saliva samples were affected by storage of the samples for 24 h at 4 °C or 25 

°C. However, the same antioxidant status measurements were not affected in human milk 

and saliva samples stored for 48 and 72 h at 4 °C, respectively (Hanna et al., 2004; Barranco 

T. et al., 2019). In pigs, Hooser et al. (2000) reported that tocopherol concentrations (one of 

the contributors of the TEAC assay) remained stable in serum samples stored for 14 days at 

4 ºC. Taken together, these results would indicate that the stability in the measurement of 

antioxidants in cool-stored samples would depend on the antioxidant, biological fluid- and 

the species considered.  

The last objective of this study was to assess whether sub-zero storage temperatures 

affected the levels of antioxidants in pig SP. For this, the suitability of using freezers of -20 
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ºC was tested, since they are more affordable for AI-centers than those at -80 ºC. The results 

showed clear differences in the levels of four of the five antioxidants measured in SP stored 

at -20 ºC or -80 ºC. The SOD activity was the only unaffected. The effect of sub-zero storage 

on antioxidant levels has been extensively reported for several biological fluids other than 

SP, primarily humans and laboratory species (Craft et al., 1988; Jansen et al., 2013; Bortolin 

et al., 2017; Rubio et al., 2018; Barranco T. et al., 2019). Bortolin et al., (2016) reported in 

rat blood that the effects ultimately depend on the specific antioxidant analyzed, as our results 

also revealed. Alike our results, the study of Bortolin et al. (2016) showed similar SOD 

activity levels between blood samples stored at -20 ºC and at -80 ºC for 2 months. However, 

it also showed that catalase activity levels (another antioxidant enzyme) in blood samples 

stored at -20 ºC were lower than in those stored at -80 ºC. Similarly, and also in agreement 

with our results, Rubio et al. (2018) showed lower PON-1 activity levels in dog saliva 

samples stored at -20 ºC compared with those stored at -80 ºC for 12 months. The lower GPx 

activity levels in SP samples stored at -20 ºC with respect to those stored at -80 ºC could also 

be related to the substrate availability, as was the case for human milk (Ankrah et al., 2000). 

In relation to TEAC, the lowest activity levels in SP stored at -20 ºC was also found in dog 

saliva and human serum (Jansen et al., 2013; Rubio et al., 2018). The better stability of 

biomolecules involved in TEAC assay, as carotenoids and tocopherol, at -80 ºC or -70 ºC 

than at -20 ºC would be key to higher levels of TEAC measured in samples stored at -80 or -

70 ºC than in those stored at -20 ºC (Mathews-Roth and Stampfer, 1984; Craft et al., 1988). 

Finally, it is important to highlight the strong positive relationships found between 

the levels of antioxidants in SP processed under the optimal protocol with those processed 

and stored under alternative conditions. Key et al. (1996) also reported strong positive 

correlations in human serum between the concentration of carotenoids, acid ascorbic and 
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tocopherol (contributors for TEAC assay) in blood stored at 4 ºC for 2 with those stored for 

6 and 24 h prior to serum harvest. Similarly, Jansen et al. (2013) reported a strong positive 

correlation between TEAC values measured in human serum stored at -20 °C and at -80 °C. 

Although these strong positive relationships found in all SP-antioxidants measured would 

suggest that any processing and storage conditions could be useful, the clear differences in 

antioxidant levels encountered oblige us to demand caution when used for SP-antioxidant 

assessments in AI-boars.  

 

5. Conclusions 

Optimal measurements of antioxidant levels in pig SP samples demand the SP to be 

harvested immediately after ejaculate collection and immediately stored at -80 ºC until 

analysis. However, focusing on individual antioxidant measurements: (1) OSI, GPx and 

PON-1 activity could be alternatively measured in SP harvested in semen samples stored at 

17 ºC for 2 h (PON-1 and OSI) or for 24 h (GPx) after ejaculate collection; (2) OSI and SOD 

activity levels remain stable in SP samples stored at 17 ºC for 24 h prior freezing; and (3) 

SOD activity levels can be measured in SP samples stored at -20 ºC. The positive relationship 

found between the antioxidant levels measured in the different handled SP-samples, allows 

to design different practical protocols for harvesting and SP storage for each particular AI-

center/laboratory. However, protocols must be strict for reliable antioxidant measurements.  
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