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Antioxidative Capacity of L-Ascorbic Acid and Quercetin on Sperm Functional Integrity during Cryopreservation of Gir Bull Semen under Semi-Arid Conditions of Rajasthan

ABSTRACT 
	Aim: The main objective of the study was to evaluate the antioxidative efficacy of L-ascorbic acid, quercetin and their combination (L-ascorbic acid + quercetin) on standard semen quality parameters including Sperm motility (%), Sperm viability (%), Abnormal Spermatozoa and acrosomal integrity in cryopreserved Gir bull semen.
Methodology: A total number of 24 ejaculates were collected and evaluated. Ejaculate was processed separately and divided into four equal aliquots designated as Control (no antioxidant), T-1 (L-ascorbic acid @ 2.5 mM), T-2 (quercetin @ 100 µM), and T-3 (L-ascorbic acid @ 2.5 mM + quercetin @ 100 µM). Samples were cooled to 5 °C, packed in 0.25 ml French straws, frozen, and stored in liquid nitrogen (−196 °C). Frozen straws were thawed individually at 37 °C for 30 second before evaluation. 
Results: Significant differences (P < 0.05) were observed among the treatment groups for all evaluated semen quality parameters, including Progressive motility (%), Live spermatozoa (%), Intact acrosome (%) and Abnormal spermatozoa (%) at all stages of cryopreservation including post-dilution (PD), post-equilibration (PE), and post-thaw (PT) stages. Among the treatments, the combination group (T-3) exhibited significantly superior results compared to the individual antioxidant treatments (T-1 and T-2), whereas T-2 showed significantly better performance than T-1 for most of the evaluated parameters. 
Conclusion: The present study concluded that the combination of L-ascorbic acid and quercetin exerts the most pronounced protective effect against oxidative stress and cryoinjury, compared to their individual supplementation, thereby improving semen quality during cryopreservation in Gir bulls.
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1. INTRODUCTION 
Semen cryopreservation is a cornerstone of modern livestock breeding, enabling the long-term storage and genetic dissemination of valuable germplasm. However, the process subjects spermatozoa to oxidative stress, leading to the generation of reactive oxygen species (ROS) that can compromise sperm quality by damaging cellular structures such as the plasma membrane, mitochondria, and acrosome (Soria-Meneses et al., 2025). Reproductive efficiency in livestock males is strongly affected by oxidative imbalance, a condition that arises when the generation of reactive oxygen species (ROS) surpasses the capacity of endogenous antioxidant systems to neutralize them (Sies and Jones, 2020). Due to the abundance of polyunsaturated fatty acids in their plasma membranes and their minimal cytoplasmic antioxidant reserves, sperm cells are especially sensitive to oxidative injury, which can manifest as membrane lipid peroxidation, impaired mitochondrial activity, and genomic instability (Ribas-Maynou et al., 2020). Consequently, the strategic use of antioxidant supplementation has been extensively explored to preserve sperm structural integrity and functional competence under stress conditions, including semen handling and preservation processes (Raeeszadeh et al., 2022; Qamar et al., 2023). Antioxidants mitigate oxidative damage during cryopreservation. L-ascorbic acid (vitamin C) scavenges ROS and protects sperm membranes (Hungerford et al., 2024), while quercetin, a plant-derived flavonoid, reduces oxidative stress and improves motility and acrosomal integrity (Batool et al., 2024). Synergistic combinations, such as hesperidin with ascorbic acid, have shown enhanced protection in frozen-thawed sperm (Dong et al., 2025).  The Gir bull, a native Indian breed, is known for its superior milk yield and adaptability to harsh climatic conditions. However, the cryopreservation of Gir bull semen poses challenges due to oxidative stress-induced damage. Therefore, this study aims to evaluate the antioxidative capacity of L-ascorbic acid, quercetin, and their combination in preserving the semen quality of Gir bulls during cryopreservation. To counteract oxidative stress, antioxidants are employed for their ability to neutralize ROS and maintain cellular function. L-ascorbic acid (Vitamin C), a potent water-soluble antioxidant, effectively scavenges superoxide and hydroxyl radicals, thereby supporting membrane stability (Singh et al., 2020). Similarly, quercetin - a plant-derived flavonoid, protects sperm by preventing lipid peroxidation and preserving mitochondrial function (Tironi et al., 2019; Prajapati et al., 2022). Flavonoids exert significant cytoprotective effects against oxidative stress–mediated damage in spermatozoa through multiple molecular mechanisms. Their polyhydroxylated structure enables efficient scavenging of reactive oxygen species (ROS), thereby limiting lipid peroxidation of the plasma membrane, which is rich in polyunsaturated fatty acids and highly susceptible to oxidative attack. In addition to direct radical neutralization, flavonoids chelate redox-active transition metals, reducing Fenton reaction–driven hydroxyl radical formation. Emerging evidence also indicates that flavonoids modulate intracellular redox signaling pathways, enhance endogenous antioxidant enzyme activity, and stabilize mitochondrial membrane potential, thus preserving ATP production and motility. By mitigating oxidative injury and preventing apoptosis-like alterations, flavonoids contribute to the maintenance of structural and functional integrity of sperm cells under stress conditions such as cryopreservation (Sadeghi et al., 2023). Although the individual benefits of these compounds are well-documented, there is limited research on their combined efficacy, particularly in native breeds such as the Gir bull. This study aimed to assess the synergistic effects of L-ascorbic acid and quercetin and their combination on Gir bull semen quality parameters during the cryopreservation process.
2. materials and methods 
The study was conducted on four Gir bulls aged 3–6 years and weighing 450–500 kg, maintained at the Biosecure Farm Complex and the Frozen Semen Bank, Bassi, Jaipur, located in the semi-arid region of northern India. Bulls were housed in individual pens with concrete flooring and asbestos roofing, fed a balanced ration, and vaccinated against major contagious and infectious diseases.

Semen was collected Twice weekly using a Danish-model artificial vagina on a dummy, between 7:00–8:00 AM during summer and 8:30–9:00 AM in other seasons. A total of 24 ejaculates (six from each of four Gir bulls) were collected and evaluated individually at 37 °C. 
Each ejaculate was processed separately and divided into four equal aliquots and extended with Tris–egg yolk–glycerol (TEYG) containing the following treatments: T-1 (L-ascorbic acid, 2.5 mM), T-2 (quercetin, 100 µM), T-3 (L-ascorbic acid + quercetin, 2.5 mM + 100 µM), and control (no antioxidant). Each pooled ejaculate was considered as a single experimental unit. For each treatment, three independent pools were prepared from the ejaculates of four Gir bulls, and each pool was divided into four equal aliquots corresponding to the treatments (T-1, T-2, T-3, and Control). All analyses were performed in triplicate for each pool to ensure reproducibility. The concentrations of L-ascorbic acid (2.5 mM) and quercetin (100 µM) were selected based on previous studies demonstrating optimal improvement in post-thaw sperm motility, acrosomal integrity and Hypo-osmotic swelling Test (HOST) during cryopreservation (Singh et al., 2020; Batool et al., 2024; Prajapati et al., 2022). Preliminary trials with varying concentrations also indicated that these levels provided maximal protective effects without inducing cytotoxicity.

Semen quality was assessed at pre-dilution, post-equilibration, and post-thaw stages. Progressive motility was evaluated using a phase-contrast microscope with a 40× objective on a thermostatically controlled stage at 37 °C (Pardede et al., 2023). Sperm viability and abnormalities were determined via differential staining (Kanna & Shetty, 2023), counting a minimum of 200 spermatozoa per sample. Acrosome integrity was assessed using Giemsa staining (Manokaran et al., 2010).

Data were analyzed using SPSS software (version 26.0, IBM Corp., Armonk, NY). The effects of treatments on semen quality parameters were assessed using a General Linear Model (multivariate analysis of variance). Post hoc pairwise comparisons were performed with Duncan’s Multiple Range Test (DMRT). Results are presented as mean ± standard error (SE), and differences were deemed statistically significant at P < 0.05.
3. results and discussion
The mean (±SE) values for various sperm quality parameters of Gir bull semen, extended with Tris egg yolk glycerol (TEYG) extenders supplemented with different antioxidants at successive stages of cryogenic processing, are presented in Table 1. Supplementation with L-ascorbic acid, quercetin, and their combination produced a significant (P < 0.05) improvement in sperm motility, viability, and acrosomal integrity, along with a reduction in morphological abnormalities compared to the control.

At the post-dilution (PD) stage, semen samples fortified with both antioxidants (T-3) exhibited the greatest percent of progressive motility (80.91 ± 0.60), followed by those containing quercetin (T-2; 78.06 ± 0.75) and L-ascorbic acid (T-1; 75.94 ± 0.81). The control group showed the lowest motility (74.72 ± 0.77). This ascending trend in motility across treatment groups persisted through the post-equilibration (PE) and post-thaw (PT) phases, where T-3 consistently recorded the highest (P < 0.05) motility values (76.50 ± 0.56 and 70.66 ± 0.65, respectively).

Sperm viability also followed a similar pattern, showing a marked increase (P < 0.05) with antioxidant inclusion. The combination treatment (T-3) yielded the greatest percentage of live spermatozoa (89.09 ± 0.39, 81.66 ± 0.38, and 70.28 ± 0.36 at PD, PE, and PT stages, respectively), while the control recorded the lowest.

A significant (P < 0.05) enhancement in acrosomal integrity was noted in all treated groups compared with the control. The T-3 group exhibited the highest intact acrosome percentages (87.34 ± 0.32, 84.53 ± 0.34, and 81.09 ± 0.44 at PD, PE, and PT stages, respectively), indicating improved acrosomal membrane resilience during freezing and thawing.

In contrast, the percentage of morphologically abnormal spermatozoa was considerably reduced (P < 0.05) in all antioxidant-supplemented samples. The lowest incidence of abnormalities was recorded in T-3 (5.44 ± 0.15, 8.59 ± 0.24, and 10.03 ± 0.24 at PD, PE, and PT, respectively), while the control group displayed the highest values (9.69 ± 0.26, 12.69 ± 0.26, and 14.69 ± 0.26). Overall, the concurrent supplementation of L-ascorbic acid (2.5 mM) and quercetin (100 µM) demonstrated a synergistic cryoprotective action, effectively maintaining sperm functional integrity throughout cryogenic processing and mitigating structural and oxidative damage in Gir bull semen. The present study evaluated the influence of L-ascorbic acid (T-1), quercetin (T-2) and their combination (T-3) on the semen quality of Gir bulls during cryopreservation. The findings demonstrated significant (P<0.05) variations among treatment groups for all examined parameters i.e. percent progressive motility, percent live sperm, percent acrosomal integrity and percent abnormal sperm, at post-dilution (PD), post-equilibration (PE) and post-thaw (PT) stages.

3.1 Progressive Motility: A progressive decline in motility was observed across the stages of cryopreservation in all groups; however, the reduction was significantly lower (P < 0.05) in antioxidant-supplemented groups compared to the control. The highest motility was recorded in T-3 (L-ascorbic acid + quercetin), followed by T-2 and T-1. The improvement in motility may be attributed to the combined antioxidant potential of L-ascorbic acid, a water-soluble free radical scavenger, and quercetin, a lipid-soluble flavonoid with membrane-stabilizing activity. These antioxidants protect sperm mitochondria and reduce lipid peroxidation, thereby maintaining membrane integrity and motility (Prajapati et al., 2022; Tironi et al., 2019; Dong et al., 2025). Similar enhancement in post-thaw motility following antioxidant supplementation has been reported in bovine semen by Elkhawagah et al. (2024) and Vala et al. (2022).
3.2 Live spermatozoa Percentage: Significant differences (P < 0.05) were also observed in sperm viability among treatment groups at all stages. Bulls treated with the combination (T-3) exhibited the highest percentage of live spermatozoa, followed by quercetin (T-2) and L-ascorbic acid (T-1). The increase in viability reflects reduced ROS-mediated lipid peroxidation, which maintains plasma membrane fluidity and integrity. L-ascorbic acid donates electrons to neutralize hydroxyl radicals, while quercetin inhibits xanthine oxidase and chelates transition metals involved in oxidative cascades. These findings corroborate those of Seifi-Jamadi et al. (2017) and Abdel-khalek et al. (2022), who also reported improved sperm viability in antioxidant-supplemented extenders.

3.3 Acrosomal Integrity: A significantly higher (P < 0.05) proportion of spermatozoa with intact acrosomes was recorded in antioxidant-supplemented groups, with maximum protection in T-3. The acrosomal membrane, rich in polyunsaturated fatty acids, is highly susceptible to oxidative peroxidation during the freeze–thaw process. The enhanced acrosomal integrity observed in T-3 suggests effective prevention of lipid peroxidation and structural degradation by the synergistic action of both antioxidants. Similar observations were made by Manokaran et al. (2010) and Saleh et al. (2024), who emphasized the role of combined antioxidant therapy in preserving acrosomal morphology and enzymatic activity essential for fertilization.

3.4 Abnormal Sperm Percentage: Morphologically abnormal sperm increased during cryopreservation but was significantly lower (P<0.05) in antioxidant treated groups, with T-3 showing the fewest defects. The reduced incidence of structural deformities such as bent tails, coiled mid pieces, and detached heads, indicates a protective effect of antioxidants against cryo-induced osmotic and oxidative stress. The mechanism likely involves stabilization of cytoskeletal proteins and prevention of lipid and protein oxidation, as previously described by Aitken and Drevet (2020) and Zhang et al. (2023).

Table 1.
Mean (± SE) values of sperm quality parameters of Gir bull semen under different antioxidant treatments at different stages of cryogenic manipulation
	Semen attributes
	Treatment

group
	Antioxidant treatment

	
	
	Control (C)
	L-ascorbic

T-1
	Quercetin

T-2
	L-ascorbic+ Quercetin

T-3

	Progressive

Motility (%)
	PD
	74.72a±0.77
	75.94a±0.81
	78.06b±0.75
	80.91c±0.60

	
	PE
	68.50a±0.66
	70.38b±0.63
	72.50c±0.63
	76.50d±0.56

	
	PT
	61.91a±0.65
	63.28ab±0.67
	64.94b±0.67
	70.66c±0.65

	Live spermatozoa (%)
	PD
	82.95a±0.36
	84.14b±0.36
	86.38c±0.37
	89.09d±0.39

	
	PE
	73.09a±0.36
	74.75b±0.35
	76.25c±0.33
	81.66d±0.38

	
	PT
	62.22a±0.37
	63.91b±0.38
	65.47c±0.36
	70.28d±0.36

	Intact acrosome (%)
	PD
	83.13a±0.37
	84.06a±0.33
	85.50b±0.32
	87.34c±0.32

	
	PE
	80.06a±0.37
	81.25b±0.35
	82.44c±0.34
	84.53d±0.34

	
	PT
	76.88a±0.39
	78.00ab±0.40
	79.03b±0.42
	81.09c±0.44

	Abnormal spermatozoa (%)
	PD
	9.69d±0.26
	8.20c±0.21
	6.95b±0.19
	5.44a±0.15

	
	PE
	12.69d±0.26
	11.50c±0.25
	10.50b±0.26
	8.59a±0.24

	
	PT
	14.69d±0.26
	13.34c±0.25
	12.13b±0.25
	10.03a±0.24


Here: C – Control (Tris-egg yolk-glycerol extender (TEYG) without antioxidant supplementation); T1 – TEYG extender + 2.5 mM L-ascorbic acid; T2 – TEYG extender + 100 µM quercetin; T3 – TEYG extender + 2.5 mM L-ascorbic acid and 100 µM quercetin. Mean values bearing different superscripts in the same row differ significantly (P < 0.05).

4. Conclusion
This study revealed that enriching the semen extender with antioxidant supplements significantly enhanced the post-thaw semen quality of Gir bulls. The combined use of L-ascorbic acid and quercetin provided the greatest protection, resulting in higher sperm motility, viability, and acrosomal integrity, along with fewer morphological defects during cryopreservation. These results suggest that the synergistic antioxidant effect of L-ascorbic acid and quercetin helps preserve sperm functional integrity and may improve the overall freezability and fertility potential of Gir bull semen.
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