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ABSTRACT 

 
The aim of this study was to evaluate the impact of natural polyphenols, resveratrol 

(RES) and epicatechin (EPI), on the oxidative balance, bacterial contamination and 

functionality of boar spermatozoa during short-term storage at 4 °C. Both biomolecules 

exhibit strong antioxidant and antimicrobial effects. Semen samples were collected from 

15 adult Duroc boars and diluted in the Androhep Plus extender enriched with varying 

concentrations of RES or EPI (10, 25 and 50 µM). Selected parameters, including 

motility, mitochondrial activity, DNA fragmentation, protein oxidation (PO), lipid 

peroxidation (LPO) as well as the generation of reactive oxygen species (ROS) were 

analyzed after 24, 48 and 72 h. Exposure to 10 and 25 µM of RES significantly 

preserved motility (P<0.0001), increased mitochondrial function (P<0.0001), acrosome 

integrity (P<0.0001), and reduced the generation of ROS (P<0.0001), superoxide 

radicals (P<0.001, P<0.01) and LPO (P<0.001) after 24-72 h compared to the 

untreated control. In contrast, 50 µM of RES significantly decreased sperm motility 

(P<0.0001), membrane integrity (P<0.001), acrosome integrity (P<0.0001) as well as 

microbial growth (P<0.01). Following EPI treatment, 25 and 50 µM concentrations 

significantly preserved motility (P<0.0001), reduced ROS (P<0.0001; P<0.001), LPO 

(P<0.001) and superoxide production (P<0.001; P<0.01) compared to the control. 

Mitochondrial activity (P<0.0001), acrosome integrity (P<0.0001; P<0.001) and 

membrane integrity (P<0.0001) significantly increased in the groups enriched with 25 

or 50 µM of EPI after 24-72 h. Furthermore, a significant decline (P<0.05) in microbial 

growth was observed in the group with the highest dose of EPI compared to the 

untreated group. Our findings suggest that RES and EPI may improve the quality of 

extended boar spermatozoa and exhibit antioxidant and antimicrobial properties. 

However, the application of both biomolecules depends on the dose and the duration of 

exposure.  
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INTRODUCTION 

 

Artificial insemination (AI) is the major technique applied in the pig breeding industry, accounting for over 90% of 

all piglets in the global pork production. The primary benefit of AI lies in efficient dissemination of boar semen to a 

large population of sows, leading to overall genetic improvement and transmission of quality genes to the next 

generation (Gadea, 2003; Knox, 2016). In boars, AI relies on liquid-stored semen due to its superior fertility 

outcomes compared to frozen-thawed semen, which typically exhibits much lower quality (Rodríguez-Gil and 

Estrada, 2013). 

Despite significant advances in cryopreservation techniques, liquid preservation remains the main method to 

preserve boar semen until insemination, since boar spermatozoa are highly sensitive to temperature fluctuations. 

Semen extenders and diluents are the primary media used for the liquid preservation of boar spermatozoa, supplying 

vital nutrients to support sperm metabolism, cold shock protectants, substances that help regulate pH and osmotic 

balance, as well as antibiotics to prevent potential microbial growth. In addition, semen extenders should protect 

spermatozoa against possible toxic effects of seminal plasma by reducing the metabolic rate in refrigerated boar 

semen. A higher content of polyunsaturated fatty acids (PUFAs) in the sperm plasmatic membrane, combined with 

limited intracellular antioxidant defenses, makes boar spermatozoa particularly vulnerable to oxidative stress, which 

could subsequently lead to the loss of viable gametes (Gadea, 2003; Teixeira et al., 2015; Peña et al., 2017; Waberski 

et al., 2019).  

Oxidative damage to spermatozoa primarily arises from an imbalance between reactive oxygen species (ROS) 

generation and intracellular free radical-scavenging activities. Under physiological conditions, the ROS-opposing 

potential of the ejaculate is secured by antioxidants (vitamin E, vitamin C, glutathione, etc.) present in the seminal 

plasma. Nevertheless, when ejaculated semen is collected and processed, the levels of the antioxidant machinery 

rapidly decrease. Such conditions compromise the integrity of sperm membranes, ultimately reducing sperm 

motility, viability and fertilization ability. To counteract these negative effects, the addition of antioxidants to 

commercially used semen extenders has been suggested as a strategy to improve sperm quality and minimize ROS-

induced damage during cooling and in vitro storage (Aitken, 1995; Michael et al., 2009; Vongpralub et al., 2016).  

Resveratrol (RES) is a naturally occurring nonflavonoid polyphenol found in various plants, particularly in grapes 

and berries. It possesses strong antioxidant, antibacterial and antifungal effects. RES functions by neutralizing free 

radicals, including superoxide anion, hydroxyl radical and metal-induced reactive species. This natural compound 

also exhibits defensive effects against LPO and sperm DNA fragmentation (Branco et al., 2010; Jasiński et al., 2013; 

Bucak et al., 2014).  

Catechin and epicatechin (EPI) are polyphenolic compounds (flavonols) belonging to the flavonoid family, which are 

capable of interacting with cellular membranes and incorporating into lipid bilayers. EPI is a stereoisomer of 

catechin and can be found mainly in green tea. Catechins have antioxidant properties, which include the ability to 

scavenge ROS, chelate metal ions and stimulate antioxidant enzymes (Fraga et al., 2010; Braicu et al., 2013; 

Bernatoniene and Kopustinskiene, 2018). The objective of our research was to investigate the potential antioxidant 

and antimicrobial effects and subsequently to determine the specific doses of RES and EPI effective in the reduction 

of the oxidative damage and bacterial contamination affecting boar spermatozoa during short-term storage. 

 
MATERIAL AND METHODS 

 

Sample treatment and storage  

Ejaculates were collected from 15 sexually mature Duroc boars (Farm Terezov, Hlohovec, Slovak Republic). The 

obtained samples were kept at laboratory temperature (20-22°C) for 1 h. Each sample was diluted in a 1:20 ratio with 

the Androstar Plus
TM

 extender (Minitüb GmbH, Tiefenbach, Germany) without antibiotics. Experimental groups, 

except for the control, were supplemented with selected concentrations (10, 25 and 50 µM) of RES and EPI, 

dissolved in 0.5% dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) and analyzed after 24, 48 and 72 h at 4°C. The 

control group contained the same final concentration of DMSO to exclude solvent-related effects.   
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Motility evaluation 

Sperm motility rate (MOT, %) was examined using computer-assisted semen analysis (CASA; Version 14.0 TOX 

IVOS II; Hamilton-Thorne Biosciences, Beverly, USA) according to the protocol of Ďuračka et al. (2019).  

 

Mitochondrial toxicity test 

For the measurement of the mitochondrial activity, the mitochondrial toxicity test (MTT test) was used. This assay is 

based on the colorimetric change of a yellow tetrazolium salt to blue formazan, which indicates the activity of 

mitochondrial succinate dehydrogenase. The rate of optical density was measured spectrophotometrically using the 

Glomax Multi
+
 (Promega, Madison, WI, USA) at 570 nm against 620 nm (Ďuračka et al., 2019). 

 

Superoxide radical test 

The concentration of the superoxide radical was determined using the nitroblue-tetrazolium (NBT) assay. Superoxide 

radicals present in the cells react with yellow nitroblue tetrazolium chloride, resulting in the formation of formazan 

crystals. The intensity of the formazan formation was quantified with the Glomax Multi
+ 

combined spectro-fluoro-

luminometer (Promega, Madison, WI, USA) at 570 nm against 620 nm. 

 

Sperm viability and acrosome integrity test 

The level of membrane and acrosome integrity was examined using Trypan blue/Giemsa staining, which stains the 

sperm cell membranes as well as acrosomes. Based on the staining results, we evaluated different patterns: (1) 

acrosome-intact live/dead; (2) acrosome-lost live/dead. Live spermatozoa were characterized by a viable head and 

tail compared to dead cells (Boccia et al., 2007).  

 

DNA fragmentation test  

The integrity of DNA was observed by the Halomax Diagnostic kit (Halotech, Madrid, Spain) for boar spermatozoa. 

Damaged sperm cells are characterized by the formation of fragmented DNA loops in the head, which are visible 

under a fluorescent microscope (Leica, Holzheim, Germany) at 400x magnification (Halotech, Madrid, Spain).  

 

Reactive oxygen species generation 

The overall generation of ROS in semen was quantified by the chemiluminescence method, which uses luminol 

(Sigma-Aldrich, USA) as a probe. The rates of chemiluminescence following the reaction of ROS with luminol were 

evaluated on 96-well plates with the Glomax Multi
+ 

(Promega, Madison, WI, USA); (Ďuračka et al., 2016).   

 

Protein oxidation test  

A common 2,4-dinitrophenylhydrazine (DNPH) method, modified by Weber et al. (2015), was used for the 

assessment of the carbonyl groups. Samples were added to DNPH, then mixed and incubated with trichloroacetic 

acid (Sigma-Aldrich). The supernatant was removed and samples were washed in ethanol/ethyl acetate to remove the 

residual DNPH. Following treatment with guanidine-hydrochloric acid (Sigma-Aldrich), the samples were measured 

at 360 nm using a spectrophometer (Cary 60 UV-Vis, Agilent, USA); (Tvrdá et al., 2021). 

 

Lipid peroxidation 

For the evaluation of lipid peroxidation (LPO), we applied the TBARS (thiobarbituric acid reactive substances) assay 

adapted for 96-well plates and an ELISA reader, which quantified the amount of malondialdehyde (MDA) as the 

secondary product of LPO. The ultimate concentration of MDA was measured with the Glomax Multi
+
 (Promega, 

Madison, WI, USA) at 540 nm (Tvrdá et al., 2016).   

 

Bacterial identification  

For the identification of bacteria in boar semen, 100 µl of each sample was inoculated and cultured on sterile blood, 

Gassner, MacConkey or Tryptic soy agar (MHB, Oxoid, Basingstoke, UK) under aerobic conditions at 37 °C for 24-

48 h. Following cultivation, bacterial counts were determined as colony-forming units (CFU/mL) and colonies were 

purified by the four-quadrant streaking method (Ďuračka et al., 2021). The purified colonies were identified by the 

MALDI-TOF Biotyper mass spectrometry (Brucker Daltonics, Bremen, Germany), with the resulting spectra 

analyzed against the MALDI Biotyper Bruker Taxonomy database (Bruker Daltonics, Bremen, Germany), (Tvrdá et 

al., 2021). 
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Statistical analysis 

Data analysis was performed using the GraphPad Prism program (version 6.02 for Windows; GraphPad Software, La 

Jolla, CA, USA, http://www.graphpad.com). Statistical comparisons were conducted using one-way ANOVA, 

followed by Dunnett’s multiple comparison test based on comparisons between the control group and the 

experimental groups. The level of significance was indicated as follows: 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01 and 
*
P<0.05. 

 

RESULTS  

 

The results of this study suggest that the impact of both bioactive compounds on boar spermatozoa is influenced by 

the dose and the duration of exposure. Analysis of motility (Table 1) revealed that the highest concentration of RES 

(50 µM) led to a significant decline (P<0.0001; P<0.05) in motility after 48 and 72 h when compared to the control. 

On the other hand, lower concentrations (10 and 25 µM) of RES preserved (P<0.0001) motility in all time periods of 

storage. In the case of EPI, motility was significantly higher (P<0.0001) in all tested concentrations compared to the 

control; however, the most pronounced effect was observed at 50 µM of EPI across all time periods. 

 

Table 1. Effects of selected concentrations of resveratrol and epicatechin on boar sperm motility following 24-72 h 

of semen storage 

Sperm motility [%] 24 h 48 h 72 h 

Control  55.33±2.60 55.00±3.46 44.33±3.48 

Resveratrol 

10 µM 87.33±3.71
****

 85.67±5.69
****

 83.00±4.73
***

 

25 µM 87.33±3.84
****

 81.67±2.33
****

 69.67±10.09
*
 

50 µM 45.00±2.89 27.67±1.86
****

 21.00±2.08
*
 

Epicatechin 

10 µM 87.67±3.38
****

 82.00±3.17
****

 75.67±2.96
**

 

25 µM 87.00±0.57
****

 80.67±2.03
****

 77.00±6.93
**

 

50 µM 90.33±1.45
****

 86.33±1.45
****

 85.67±4.33
***

 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

The highest RES dose (50 µM) resulted in a significant reduction (P<0.001; P<0.0001) in mitochondrial activity 

(Table 2) following 72 h of cultivation. Similarly to the motility, lower RES doses (10 and 25 µM) significantly 

(P<0.001; P<0.0001) improved mitochondrial activity against the control in all time periods. All tested 

concentrations of EPI resulted in a significant increase in mitochondrial activity (P<0.001; P<0.0001) following 24 – 

72 h of storage.   

 

Table 2. Effects of selected concentrations of resveratrol and epicatechin on boar sperm mitochondrial activity 

following 24-72 h of semen storage 

Mitochondrial activity [%] 24 h 48 h 72 h 

Control  100.00±5.77 100.00±1.12 100.00±2.31 

Resveratrol 

10 µM 132.70±1.86
***

 141.70±2.19
****

 148.70±0.88
****

 

25 µM 123.30±7.69
*
 129.00±3.79

**
 128.00±4.36

****
 

50 µM 88.33±1.67 70.00±4.93
***

 53.00±4.93
****

 

Epicatechin 

10 µM 126.30±4.09
**

 133.70±4.09
***

 130.70±3.84
****

 

25 µM 128.00±3.79
**

 137.70±1.45
****

 148.70±0.88
****

 

50 µM 133.30±3.38
***

 143.30±4.41
****

 155.70±2.33
****

 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

Superoxide generation (Table 3) significantly decreased (P<0.01; P<0.001) in the groups supplemented with 10 and 

25 µM RES in comparison with the control, except for the group containing 50 µM RES. The groups supplemented 

with EPI showed a significant superoxide reduction (P<0.01; P<0.001) already after 24 h. A decline in superoxide 

production was observed at all concentrations of EPI and all time periods.  
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Table 3. Effects of selected concentrations of resveratrol and epicatechin on superoxide production by boar 

spermatozoa following 24-72 h of semen storage 

Superoxide production [%] 24 h 48 h 72 h 

Control  100.00±5.77 100.00±2.31 100.00±1.12 

Resveratrol 

10 µM 81.67±2.91
**

 74.33±1.76
***

 70.00±3.79
*
 

25 µM 87.00±1.16
*
 79.67±0.88

**
 79.00±1.53 

50 µM 109.00±3.79 106.70±4.81 123.3±14.53 

Epicatechin 

10 µM 82.33±1.76
**

 83.67±4.91
*
 76.33±3.76 

25 µM 79.33±1.20
***

 77.33±3.48
**

 73.00±1.73
*
 

50 µM 77.67±1.76
***

 77.33±2.33
**

 67.00±4.58
**

 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

A significantly higher (P<0.0001) proportion of spermatozoa with an intact membrane (Table 4) was found in the 

groups treated with 10 or 25 µM of RES after 72 h when compared to the control. In contrast, exposure to 50 µM of 

RES during 48 and 72 h of storage resulted in a significantly higher proportion of membrane-damaged spermatozoa 

(P<0.001). The addition of all EPI consistently maintained a higher proportion (P<0.0001) of membrane-intact 

spermatozoa following 72 h of storage.   

 

Table 4. Effects of selected concentrations of resveratrol and epicatechin on boar sperm membrane integrity 

following 24-72 h of semen storage 

Membrane integrity 24 h 48 h 72 h 

Control  86.67±1.45 76.33±3.18 55±1.73 

Resveratrol 

10 µM 93.00±1.73 89.33±0.33
*
 81.67±1.76

****
 

25 µM 90.67±2.73 84.00±2.52 78.00±1.53
****

 

50 µM 83.00±1.53 55.00±1.16
***

 36.33±2.40
***

 

Epicatechin 

10 µM 93.33±1.86 80.00±3.51 76.00±1.16
****

 

25 µM 94.67±0.88
*
 87.33±0.88

*
 77.33±1.20

****
 

50 µM 95.00±0.58
*
 89.84±1.22

**
 84.67±1.86

****
 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

Assessment of acrosome integrity (Table 5) revealed a significant improvement (P<0.0001) in the proportion of 

spermatozoa with intact acrosomes in the group supplemented with 10 µM RES following 48 and 72 h. A significant 

decrease (P<0.001; P<0.0001) in acrosome integrity was recorded in the presence of 50 µM RES, especially after 48 

and 72 h. In the case of 50 µM EPI, our results indicate an increased (P<0.001) proportion of spermatozoa with 

preserved acrosomes during 48 and 72 h of storage. 

 

Table 5. Effects of selected concentrations of resveratrol and epicatechin on boar sperm acrosome integrity following 

24-72 h of semen storage 

Acrosome integrity 24 h 48 h 72 h 

Control  86.33±1.76 72±1.73 63.67±2.91 

Resveratrol 

10 µM 90.33±0.89 88.67±0.88
****

 79.67±0.88
****

 

25 µM 87.00±1.15 81.33±1.86
**

 74.67±1.20
**

 

50 µM 79.67±1.45
*
 56.33±1.85

****
 49.33±1.21

***
 

Epicatechin 

10 µM 88.67±0.88 77.33±1.45 74.67±1.20
**

 

25 µM 89.67±0.89 80.67±0.67
**

 71.67±1.76
*
 

50 µM 90.33±0.89 84.33±1.20
***

 75.67±2.60
***

 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

DNA fragmentation (Table 6) was affected by RES concentration and storage duration. While lower concentrations 

were associated with a significant decrease in DNA fragmentation after 24 h (P<0.001) and 72 h (P<0.01), exposure 

to 50 µM of RES resulted in a significant increase (P<0.05) in DNA fragmentation, most notably after 48 h of 

storage. The most pronounced decline was detected in the group enriched with 10 µM RES. In comparison to the 

control, exposure to 10-50 µM EPI led to a significantly reduced level (P<0.0001) of DNA damage after 24 h of 

storage.  
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Table 6. Effects of selected concentrations of resveratrol and epicatechin on boar sperm DNA damage following 24-

72 h of semen storage 

DNA damage 24 h 48 h 72 h 

Control  15.87±0.45 18.53±0.78 24.15±1.29 

Resveratrol 

10 µM 11.01±0.12
***

 12.74±1.63
*
 15.94±1.01

**
 

25 µM 12.91±0.31
*
 14.95±1.07 19.67±0.39 

50 µM 17.53±0.51 23.67±2.03
*
 25.94±2.56 

Epicatechin 

10 µM 11.39±0.61
***

 15.96±0.89 19.11±0.68 

25 µM 10.00±0.58
****

 15.29±0.22 18.21±1.74
*
 

50 µM 9.07±1.07
****

 13.96±0.61 16.30±1.46
**

 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

Table 7 reveals that ROS generation increased continuously over the storage period in the control group. 

Significantly lower concentrations (P<0.0001; P<0.001) of ROS were recorded in the groups enriched with 10 and 

25 µM RES following 48 and 72 h. EPI exhibited antioxidant effects during all time periods of storage by 

significantly decreasing (P<0.001; P<0.0001) global ROS generation, with the most pronounced scavenging effect 

observed at 25 and 50 µM of EPI.   

 

Table 7. Effects of selected concentrations of resveratrol and epicatechin on reactive oxygen species (ROS) 

production by boar spermatozoa following 24-72 h of semen storage 

ROS generation 24 h 48 h 72 h 

Control  15.33±1.76 27.33±1.20 34.33±1.76 

Resveratrol 

10 µM 7.67±0.67
**

 15.00±1.73
****

 21.67±2.03
***

 

25 µM 9.60±0.62
*
 18.33±0.67

***
 24.00±1.53

**
 

50 µM 16.00±2.31 30.33±1.20 37.67±1.76 

Epicatechin 

10 µM 8.74±0.88
**

 17.00±1.17
****

 24.67±1.45
**

 

25 µM 8.35±0.57
**

 16.33±1.79
****

 23.33±0.88
***

 

50 µM 7.64±0.58
**

 14.01±1.21
****

 19.67±1.20
****

 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

According to the results of the protein oxidation assay (Table 8), a decrease in protein carbonyls was observed only 

in the group treated with 10 µM of RES after 72 h. Other tested doses showed non-significant changes compared to 

the control. EPI exhibited the most visible effects after 72 h of storage, where a significant decline in protein 

oxidation levels was noted in groups supplemented with 25 and 50 µM EPI compared to the control.  

 

Table 8. Effects of selected concentrations of resveratrol and epicatechin on protein oxidation of boar spermatozoa 

following 24-72 h of semen storage 

Carbonyl groups formation 24 h 48 h 72 h 

Control  1.49±0.25 2.49±0.34 4.91±0.29 

Resveratrol 

 

10 µM 1.12±0.21 1.78±0.17 2.74±0.32
**

 

25 µM 1.46±0.21 2.12±0.26 4.62±0.074 

50 µM 2.23±0.19 3.23±0.54 5.52±0.61 

Epicatechin 

10 µM 1.17±0.22 1.60±0.31 3.07±0.62
*
 

25 µM 0.97±0.19 1.64±0.17 2.96±0.36
**

 

50 µM 0.98±0.11 1.45±0.19 2.85±0.18
**

 

Legend: Mean±SEM, 
****

P<0.0001; 
***

P<0.001; 
**

P<0.01; 
*
P<0.05. 

 

As Table 9 shows, the protective effects of RES were notable after 48 h of storage in the groups treated with 10 and 

25 µM RES (P<0.001). After 24-72 h, the lipoprotective effects of EPI were detectable with a significant reduction 

(P<0.05; P<0.01; P<0.001; P<0.0001) in MDA levels following exposure of boar spermatozoa to all concentrations 

of EPI.  
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Table 9. Effects of selected concentrations of resveratrol and epicatechin on lipid peroxidation of boar spermatozoa 

following 24-72 h of semen storage 

Lipid peroxidation 24 h 48 h 72 h 

Control  8.85±0.32 14.45±0.25 20.18±0.15 

Resveratrol 

10 µM 7.47±0.17 9.14±0.11
***

 15.18±0.63
**

 

25 µM 7.69±0.49 9.83±0.23
***

 18.52±0.43 

50 µM 9.92±0.29 15.28±1.58 22.75±1.38 

Epicatechin 

10 µM 7.36±0.17
*
 10.17±0.17

***
 18.52±0.81 

25 µM 6.59±0.28
**

 9.947±0.35
***

 14.42±0.59
***

 

50 µM 6.41±0.11
***

 9.55±0.29
***

 13.53±0.78
****

 

Legend: Mean ± SEM. ****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; RES (Resveratrol); EPI 

(Epicatechin) 

 

The presence of bacteria was detected in all tested samples. The predominant species included Pseudomonas spp., 

Clostridium spp., Enterococcus spp., Bacillus spp. and Corynebacterium spp. Data presented in Table 10 showed 

that 25 µM RES effectively eradicated Enterococcus spp. after 48 h, while 50 µM RES had the same effect right 

after 24 h. Based on the bacterial count, there was a significant decrease (P<0.05; P<0.01) in bacterial presence in the 

groups supplemented with 25 and 50 µM RES in all time periods of storage (24-72 h) compared to the control.  

 

Table 10. Bacterial profiles of extended boar semen supplemented with selected concentrations of resveratrol 

following 24-72 h of storage 

Group 
Storage 

duration 
Identified bacteria and sample positivity 

Bacterial count 

(log CFU/ml) 

Ctrl 

 

24 h 

P. aeruginosa (20.00%), P. vulgaris (20.00%), K. oxytoca 

(20.00%), P. mirabilis (13.30%), C. difficile (13.30%), E. hirae 

(13.30%), E. faecalis (13.30%), B. subtilis (6.70%), B. 

licheniformis (6.70%), P. putida (6.70%), K. pneumoniae 

(6.70%), B. cereus (6.70%), A. iwoffii (6.70%), Corynebacterium 

spp. (6.70%) 

1.55±0.21 

48 h 

P. aeruginosa (13.30%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. subtilis (6.70%), B. licheniformis (6.70%), P. putida 

(6.70%), B. cereus (6.70%), Corynebacterium spp. (6.70%) 

0.97±0.35 

72 h 

P. aeruginosa (6.70%), P. vulgaris (6.70%), K. oxytoca (6.70%), 

C. difficile (13.30%), E. hirae (6.70%), E. faecalis (6.70%), B. 

subtilis (6.70%), B. licheniformis (6.70%), B. cereus (6.70%), 

Corynebacterium spp. (6.70%) 

0.60±0.12 

 

RES 10 

µM 

24 h 

P. aeruginosa (20.00%), P. vulgaris (20.00%), K. oxytoca 

(20.00%), P. mirabilis (13.30%), C. difficile (13.30%), E. hirae 

(13.30%), E. faecalis (13.30%), B. subtilis (6.70%), B. 

licheniformis (6.70%), P. putida (6.70%), K. pneumoniae 

(6.70%), B. cereus (6.70%), A. iwoffii (6.70%), Corynebacterium 

spp. (6.70%) 

1.49±0.32 

48 h 

P. aeruginosa (13.30%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. subtilis (6.70%), B. licheniformis (6.70%), P. putida 

(6.70%), B. cereus (6.70%), Corynebacterium spp. (6.70%) 

0.90±0.17 

 

72 h 

P. aeruginosa (6.70%), P. vulgaris (6.70%), K. oxytoca (6.70%), 

C. difficile (13.30%), E. hirae (6.70%), E. faecalis (6.70%), B. 

subtilis (6.70%), B. licheniformis (6.70%), B. cereus (6.70%), 

Corynebacterium spp. (6.70%) 

0.55±0.15 

 

RES 25 

µM 
24 h 

P. aeruginosa (20.00%), P. vulgaris (20.00%), K. oxytoca 

(20.00%), P. mirabilis (13.30%), C. difficile (13.30%), E. hirae 

(6.70%), E. faecalis (6.70%), P. putida (6.70%), K. pneumoniae 

(6.70%), B. cereus (6.70%), A. iwoffii (6.70%), Corynebacterium 

1.01±0.19
*Ctrl 24
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spp. (6.70%) 

48 h 

P. aeruginosa (13.30%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), B. subtilis (6.70%), B. 

licheniformis (6.70%), P. putida (6.70%), B. cereus (6.70%), 

Corynebacterium spp. (6.70%) 

0.71±0.12
*Ctrl 48

 

 

72 h 

P. aeruginosa (6.70%), P. vulgaris (6.70%), K. oxytoca (6.70%), 

C. difficile (13.30%), B. subtilis (6.70%), B. licheniformis 

(6.70%), B. cereus (6.70%), Corynebacterium spp. (6.70%) 

0.40±0.10
*Ctrl 72

 

RES 50 

µM 

24 h 

P. aeruginosa (20.00%), P. vulgaris (20.00%), K. oxytoca 

(20.00%), P. mirabilis (13.30%), C. difficile (13.30%), P. putida 

(6.70%), K. pneumoniae (6.70%), A. iwoffii (6.70%), 

Corynebacterium spp. (6.70%) 

0.97±0.18
**Ctrl 24

 

48 h 

P. aeruginosa (13.30%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), P. putida (6.70%), 

Corynebacterium spp. (6.70%) 

0.67±0.13
*Ctrl 48

 

 

72 h 
P. aeruginosa (6.70%), P. vulgaris (6.70%), K. oxytoca (6.70%), 

C. difficile (13.30%), Corynebacterium spp. (6.70%) 
0.35±0.19

*Ctrl 72
 

 

In the case of epicatechin (Table 11), the highest dose of 50 µM successfully eradicated Bacillus spp. after 72 h of 

storage. There was also a visible significant reduction (P<0.05) in bacterial presence in the groups supplemented 

with 50 µM EPI following 24-72 h. 

 

Table 11. Bacterial profiles of extended boar semen supplemented with selected concentrations of epicatechin 

following 24-72 h of storage 

Group Storage 

duration 

Identified bacteria and sample positivity Bacterial count 

(log CFU/ml) 

Ctrl 

24 h 

P. aeruginosa (20.00%), P. vulgaris (20.00%), K. oxytoca 

(20.00%), P. mirabilis (13.30%), C. difficile (13.30%), E. hirae 

(13.30%), E. faecalis (13.30%), B. subtilis (6.70%), B. 

licheniformis (6.70%), P. putida (6.70%), K. pneumoniae 

(6.70%), B. cereus (6.70%), A. iwoffii (6.70%), 

Corynebacterium spp. (6.70%) 

1.55±0.21 

 

48 h 

P. aeruginosa (13.30%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. subtilis (6.70%), B. licheniformis (6.70%), P. putida 

(6.70%), B. cereus (6.70%), Corynebacterium spp. (6.70%) 

0.97±0.35 

 

72 h 

P. aeruginosa (6.7%). P. vulgaris (6.7%). K. oxytoca (6.7%). C. 

difficile (13.3%). E. hirae (6.7%). E. faecalis (6.7%). B. subtilis 

(6.7%). B. licheniformis (6.7%). B. cereus (6.7%). 

Corynebacterium spp. (6.7%) 

0.60±0.12 

EPI 10 

µM 

24 h 

P. aeruginosa (20.00%), P. vulgaris (20.00%), K. oxytoca 

(20.0%), P. mirabilis (13.30%), C. difficile (13.30%), E. hirae 

(13.30%), E. faecalis (13.30%), B. subtilis (6.70%), B. 

licheniformis (6.70%), P. putida (6.70%), K. pneumoniae 

(6.70%), B. cereus (6.70%), A. iwoffii (6.70%), 

Corynebacterium spp. (6.70%) 

1.51±0.16 

48 h 

P. aeruginosa (13.30%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. subtilis (6.70%), B. licheniformis (6.70%), P. putida 

(6.70%), B. cereus (6.70%), Corynebacterium spp. (6.70%) 

0.90±0.18 

 

72 h 

P. aeruginosa (6.70%), P. vulgaris (6.70%), K. oxytoca 

(6.70%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. subtilis (6.70%), B. licheniformis (6.70%), B. 

cereus (6.70%), Corynebacterium spp. (6.70%) 

0.55±0.11 

 

EPI 25 24 h P. aeruginosa (20.00%), P. vulgaris (20.00%), K. oxytoca 1.22±0.17 
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µM (20.00%), P. mirabilis (13.30%), C. difficile (13.30%), E. hirae 

(13.30%), E. faecalis (6.70%), B. subtilis (6.70%), B. 

licheniformis (6.70%), P. putida (6.70%), K. pneumoniae 

(6.70%), B. cereus (6.70%), A. iwoffii (6.70%), 

Corynebacterium spp. (6.70%) 

48 h 

P. aeruginosa (13.30%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. subtilis (6.70%), B. licheniformis (6.70%), P. putida 

(6.70%), B. cereus (6.70%), Corynebacterium spp. (6.70%) 

0.81±0.25 

72 h 

P. aeruginosa (6.70%), P. vulgaris (6.70%), K. oxytoca 

(6.70%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. subtilis (6.70%), B. licheniformis (6.70%), 

Corynebacterium spp. (6.70%) 

0.47±0.10 

EPI 50 

µM 

 

24 h 

P. aeruginosa (13.30%), P. vulgaris (20.00%), K. oxytoca 

(20.00%), P. mirabilis (13.30%), C. difficile (13.30%), E. hirae 

(6.70%), E. faecalis (6.70%), B. subtilis (6.70%), B. 

licheniformis (6.70%), P. putida (6.70%), K. pneumoniae 

(6.70%), B. cereus (6.70%), A. iwoffii (6.70%), 

Corynebacterium spp. (6.70%) 

1.00±0.24
*Ctrl 24

 

 

48 h 

P. aeuginosa (6.70%), P. vulgaris (13.30%), K. oxytoca 

(13.30%), C. difficile (13.30%), E. hirae (6.70%), E. faecalis 

(6.70%), B. licheniformis (6.70%), P. putida (6.70%), B. cereus 

(6.70%), Corynebacterium spp. (6.70%) 

0.71±0.18
*Ctrl 48

 

 

72 h 

P. vulgaris (6.70%), K. oxytoca (6.70%), C. difficile (13.30%), 

E. hirae (6.70%), E. faecalis (6.70%), B. licheniformis (6.70%), 

Corynebacterium spp. (6.70%) 

0.38±0.19
*Ctrl 72

 

 

 

DISCUSSION 

 

Although currently available semen extenders are capable of preserving semen quality, their potential to reduce 

oxidative damage to spermatozoa remains limited. Oxidative stress (OS) is the main problem contributing to the 

deterioration of boar spermatozoa, which are very sensitive and vulnerable to the development of OS during storage 

(Peña et al., 2017). Despite the desirable preservation capacity of commercially available semen extenders, there is 

still space to improve their efficacy, by the addition of substances of natural origin with antioxidant properties. This 

experiment confirmed the potential beneficial antioxidant effects of RES and EPI on boar spermatozoa during short-

term storage (24-72 hours), which led to a reduction of OS and an overall improvement in semen quality. However, 

our results showed that antioxidant efficiency depends on the dose and the duration of exposure.  

Martin-Hidalgo et al. (2013) evaluated the effects of various RES concentrations (10, 33, 66 and 100 µM) on 

motility, viability and acrosome state of boar spermatozoa following short-term liquid storage for 7 days at 17°C. 

Higher concentrations of RES (100 µM) significantly increased the proportion of spermatozoa with dislocation of the 

membrane phospholipid layer and reduced the motility of boar spermatozoa. These results contribute to the theory 

that higher concentrations of RES may exert adverse effects on sperm cells and potentially compromise their 

fertilization ability. Conversely, lower doses of RES did not significantly impact spermatozoa viability or acrosomal 

integrity.   

According to Chunrong et al. (2019), 50 µM RES improved post-thaw quality of goat semen. The authors observed a 

significant improvement (P<0.05) in total motility, membrane and acrosome integrity, and mitochondrial activity of 

buck spermatozoa. These findings may be attributed to species-specific differences, particularly in the composition 

of the sperm plasma membrane and the proportion of polyunsaturated fatty acids (PUFAs) present on the membrane 

surface in boars versus bucks.  

Sun et al. (2020) demonstrated the antioxidant efficacy of higher doses of RES (50 and 150 µM) against oxidative 

damage after liquid preservation of boar spermatozoa in the Modena extender. RES notably improved (P<0.05) or 

preserved motility, increased the proportion of spermatozoa with intact acrosomes and cells with a higher 

mitochondrial potential. The production of ROS and levels of MDA were decreased after the addition of 50 µM of 

RES. However, our findings suggest that 50 µM of RES affected all parameters, particularly motility, mitochondria 

functionality and acrosome state, which led to a significant decrease in the quality of samples compared to the 

control. Such differences could be attributed to the use of different extenders in the experiments. Meanwhile, the 
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application of 50 µM RES enhanced the quality of thawed boar spermatozoa by increasing progressive motility, 

membrane and acrosome integrity, mitochondrial function and total antioxidant activity. An equal effect was 

observed in the production of ROS and lipid peroxidation, which were decreased in the group supplemented with 50 

µM, RES (Zhu et al., 2019). Therefore, it may be hypothesized that higher RES concentrations may be more 

effective when spermatozoa are exposed to a harsher cryogenic environment associated with a more pronounced risk 

for sperm damage. 

Similarly to our findings, the experiment of Nouri et al. (2018) confirmed the dose-dependent impact of RES and 

epigallocatechin-3-gallate (EGCG) on low-quality cryopreserved stallion semen samples. Lower RES doses (10 µM) 

and average doses of EGCG (50 µM) preserved the total motility of stallion spermatozoa after thawing. Moreover, 

these concentrations of RES and EGCG significantly improved (P<0.05) viability and membrane integrity, 

mitochondrial function, and decreased DNA fragmentation and LPO levels. In contrast, the highest RES 

concentrations (20 µM) had the opposite effects on all parameters and decreased the quality of post-thaw semen 

samples.  

Green tea contains an appreciable amount of EPI, which has powerful antioxidant properties and the ability to 

prevent oxidative damage. The main findings by Gale et al. (2015) indicated that green tea added to the freezing 

extender decreased the level of LPO, although no improvement in the overall quality of thawed boar spermatozoa 

was observed. We may speculate that the impact of EPI could be affected by the application of green tea extract 

instead of the pure biomolecule.  

Effects of epigallocatechin gallate (EGCG), which belongs to the catechins family, on cryopreserved boar 

spermatozoa were described by Kaedei et al. (2012). Spermatozoa were incubated in an IVF medium enriched with 

different concentrations of EGCG, which significantly increased (P<0.05) motility, but viability remained 

unchanged. The co-incubation with EGCG also increased the penetrability of boar spermatozoa used for in vitro 

fertilization. These findings are in agreement with Gadani et al. (2017), who confirmed that administration of RES 

and EGCG to boar spermatozoa significantly increased (P<0.01) fertilization efficiency and sperm penetration rate, 

even though acrosome integrity and viability of cells remained unchanged compared to the control.  

In another report, supplementing semen extenders with various concentrations of catechin (25, 50, 75 and 100 µM) 

significantly improved (P<0.05) the boar sperm quality and reduced the level of LPO after 24-72 h. Motility and 

viability of boar sperm cells were notably higher than in the control (P<0.05); however, acrosome integrity in the 

groups treated with catechin was lower compared to the control (P<0.05) (Boonsorn et al., 2010).   

Positive properties of EPI supplementation on qualitative sperm parameters and oxidative profile agree are consistent 

with the findings of Tvrdá et al. (2019). EPI was capable of decreasing the oxidative damage and ROS production 

induced by ferrous ascorbate (FeAA). Higher concentrations of EPI improved the quality of fresh and cryopreserved 

bovine spermatozoa.  

Based on the results from previous studies, we may hypothesize that the activity and antioxidant properties of 

bioactive molecules like RES are partly influenced by the extent of cellular damage and surrounding culture 

conditions. If the spermatozoa are subjected to negative factors, such as low temperatures during the freezing process 

or the presence of prooxidants, it is necessary to apply higher doses of bioactive molecules to effectively exert their 

effect. Additionally, the use of extenders could be beneficial, since extenders often contain numerous components 

that support sperm survival by providing protection and nutrition for the cells during cultivation or the freezing 

process. 

Earlier studies (Arakawa et al., 2004; Navarro-Martínez et al., 2005) confirmed that higher concentrations of 

polyphenolic catechins from green tea, including epigallocatechin gallate (EGCG) and epicatechin gallate (ECG), are 

able to inhibit bacterial presence by disrupting cytoplasmic bacterial membrane. Stapleton et al. (2008) reported the 

inhibitory potential of ECG against Staphylococcus aureus and demonstrated its ability to displace a macromolecule 

of lipoteichoic acid from the membrane bilayer, potentially increasing the susceptibility of staphylococci to β-lactam 

antibiotics. According to Escandón et al. (2016) the antibacterial effect of epicatechin against Helicobacter pylori 

was dose-dependent. During a 48 h cultivation, growth agar enriched with higher concentrations of epicatechin (from 

0.8 to 1.0 mg/mL) successfully inhibited the growth of H. pylori. We observed a similar phenomenon, since the 

antimicrobial effect of catechins increased with higher concentrations and prolonged incubation time.  

Resveratrol has been studied for its antimicrobial activity against a variety of gram-positive as well as gram-negative 

pathogens. The highest sensitivity among tested bacteria to resveratrol (50 and 100 µg/mL) was observed in the case 

of Bacillus cereus, Staphylococcus aureus and Enterococcus faecalis. Interestingly, increasing concentrations of 

resveratrol showed bacteriostatic activity against Bacillus cereus (Paulo et al., 2010), which corroborates our data 

and suggests that resveratrol may eradicate specific strains of bacteria like Bacillus spp. A possible mechanism of 

action could involve the reversible binding of resveratrol to ATP synthase and inhibition of oxidative 

phosphorylation (Vestergaard and Ingmer, 2019).            
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CONCLUSION 

 

In conclusion, RES and EPI exhibited antioxidant effects and beneficial properties against oxidative damage during 

short-term storage and improved the quality of boar spermatozoa. However, the manifestation of their antioxidant 

activity depends on the dose and the duration of storage. RES concentrations of 10 and 25 µM and EPI 

concentrations of 25 and 50 µM demonstrated protective effects against oxidative damage caused by ROS generation 

and preserved the qualitative and quantitative parameters of boar spermatozoa. Therefore, the administration of RES 

and EPI into semen extenders may be recommended, as their supplementation can help preserve boar spermatozoa 

vitality and minimize the risks associated with oxidative stress and bacterial contamination. 
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