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natural antioxidant supplementation on semen quality parameters and sperm
chromatin structure in rabbit bucks under oxidative stress conditions. Forty
New Zealand White rabbit bucks (aged 7-9 months, 3.0-3.5 kg) were
randomly allocated to four groups (n=10 per group): Control (C), Oxidative
Stress (OS), OS + Natural Antioxidants (OS+NA), and Natural Antioxidants
alone (NA). The natural antioxidant blend included vitamin E (200 mg/kg),
organic selenium (0.3 mg/kg), vitamin C (500 mg/kg), and herbal extracts
(150 mg/kg) for 90 days. Parameters assessed included sperm concentration,
total and progressive motility, viability, morphological abnormalities, DNA
fragmentation index (DFI), acrosome integrity, seminal plasma antioxidants
(TAC, SOD, GPx, GSH, vitamins E and C, selenium), oxidative markers
(MDA, ROS, 8-OHdG), and liver enzyme activities. Results showed
oxidative stress significantly impaired progressive motility (47% reduction,
P<0.001), viability (38% decrease, P<0.001), and dramatically increased
DNA fragmentation (165% elevation, P<0.001). Natural antioxidants
effectively restored progressive motility to 89% of control values (P<0.01),
reduced DNA fragmentation by 58% versus OS group (P<0.001), and
improved acrosome integrity by 43% (P<0.01). Seminal TAC increased 127%
(P<0.001) while MDA decreased 62% (P<0.001) with antioxidant treatment.
However, sperm concentration showed non-significant changes (P=0.186),
and liver enzymes remained unaffected (P>0.05). Strong negative
correlations were observed between seminal ROS and progressive motility
(r=-0.81, P<0.001) and between DNA fragmentation and fertility markers (r=-
0.76, P<0.001). This study demonstrates natural antioxidants effectively
protect sperm DNA integrity and functional parameters through enhanced
antioxidant defense, with DNA preservation representing the most dramatic
protective effect.
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1.Introduction

Within the framework of sustainable animal
production, the efficiency of breeding stock is a
cornerstone of economic viability and food security
[1]. In rabbit meat production, the reproductive
performance of buck is a critical determinant of herd
expansion and genetic progress [2]. However, modern
intensive rearing systems often expose animals to
various environmental, nutritional, and metabolic
challenges that can induce oxidative stress—a state
characterized by an imbalance between the production
of reactive oxygen species (ROS) and the biological
system's ability to detoxify them [3]. In male
reproduction, this imbalance poses a significant threat,
as spermatozoa are particularly vulnerable to oxidative
damage due to their high polyunsaturated fatty acid
content and limited antioxidant defenses [4].

The repercussions of oxidative stress on semen quality
are profound, leading to impaired sperm motility,
reduced membrane integrity, and, most critically,
fragmentation of nuclear DNA [5]. This degradation
of sperm DNA integrity not only compromises
fertilization rates but also affects embryo development
and the long-term health of the offspring, thereby
undermining the genetic potential and productivity of
the herd [6]. Consequently, developing nutritional
strategies to mitigate oxidative damage is a key
objective in advanced animal nutrition, which aligns
with the industry's goals of enhancing productivity,
sustainability, and animal welfare [7].

The use of synthetic antioxidants in animal feed has
been common, but growing consumer demand for
natural and clean-label products has shifted research
focus toward natural alternatives [8]. This trend
presents an opportunity for the food industry to
valorize plant-derived extracts and food-grade
antioxidant compounds (such as vitamin E, vitamin C,
and selenium) that can be repurposed from the human
food chain or its co-products [9]. Incorporating these
bioactive compounds into animal feed represents a
synergistic approach to improving animal health and
product quality while adhering to market-driven
preferences [10-12].

Therefore, this study investigates the efficacy of a
tailored dietary regimen comprising natural, food-
industry-relevant antioxidants—including vitamin E,
organic selenium, vitamin C, and standardized herbal
extracts—on the seminal quality parameters and
sperm chromatin structure of rabbit bucks under
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conditions of oxidative stress [13,14]. We hypothesize
that this nutritional intervention will bolster the
endogenous antioxidant defense system, thereby
preserving sperm functional competence and genomic
integrity [15,16]. The findings aim to provide a
scientifically-grounded, practical dietary strategy for
rabbit producers to enhance reproductive efficiency
and support the sustainable intensification of rabbit
meat production.

2. Materials and Methods
2.1 Animals and Ethics

Following IACUC approval (Protocol 2024-089),
forty New Zealand White bucks (7-9 months, 3.0-3.5
kg) underwent 21-day acclimatization [16]. All
procedures followed international guidelines and
ARRIVE standards [17].

2.2 Experimental Design

Bucks were randomly allocated to four groups (n=10)
[18]:

e Control: Standard diet, optimal conditions
(18-22°C)

e OS: Subjected to oxidative stress via diet
modification, heat exposure (32-35°C for 6
hours daily), and pro-oxidants

e OS+NA: Ocxidative stress + natural
antioxidants (vitamin E 200 mg/kg, selenium
0.3 mg/kg, vitamin C 500 mg/kg, herbal
extracts 150 mg/kg)

e NA: Natural antioxidants without oxidative
stress

Duration: 90 days [19].
2.3 Semen Collection

Weekly collection using artificial vagina (40-42°C)
between  08:00-10:00 [20]. Volume, color,
consistency, and pH recorded immediately [21].

2.4 Sperm Concentration

Neubauer hemocytometer method with 1:100 dilution
in formal-citrate [22]. Results expressed as x10¢mL.

2.5 Sperm Motility



Noor Salman Dalis et al

Enhancing Sustainable Rabbit Meat ...

Total Motility: Phase-contrast microscopy (400x%) at
37°C, >200 cells evaluated [23].

Progressive Motility: Computer-assisted sperm
analysis (CASA, Microptic SCA) analyzing >500
cells, progressive defined as velocity >25 pum/s with
straightness >80% [24].

2.6 Sperm Viability

Eosin-nigrosin staining: dead sperm (pink) vs. live
(unstained). Minimum 200 cells counted [25].

2.7 Morphological Abnormalities

Spermac® staining under oil immersion (1000x).
Abnormalities classified as head, midpiece, or tail
defects. Minimum 200 cells assessed [26].

2.8 DNA Fragmentation Index

Sperm Chromatin Structure Assay (SCSA) with flow
cytometry [27]. Semen treated with acid-detergent
solution, stained with acridine orange. Flow cytometry
(BD FACSCalibur) analyzed 10,000 events. DFI
calculated as: DFI (%) = [Red Fluorescence / (Red +
Green Fluorescence)] x 100 [28].

2.9 Acrosome Integrity

FITC-conjugated peanut agglutinin (FITC-PNA) with
propidium iodide counterstaining [29]. Fluorescence
microscopy (x1000) evaluated >200 cells for intact vs.
damaged acrosomes.

2.10 Sample Processing

Semen centrifuged (3000xg, 15 min, 4°C) for seminal
plasma separation, stored at -80°C [30]. Blood
collected via ear vein, serum separated and frozen
[31].

2.11 Seminal Antioxidants

TAC: ABTS radical decolorization assay, expressed
as mmol Trolox equivalents/L [32].

SOD: Xanthine oxidase method monitoring
cytochrome ¢ reduction inhibition at 550 nm, U/mL
[33].
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GPx: Coupled assay with cumene hydroperoxide,
NADPH oxidation at 340 nm, nmol/min/mL [34].

GSH: DTNB spectrophotometric method at 412 nm,
umol/L [35].

Vitamin E: HPLC with fluorescence detection
(292/330 nm), pg/mL [36].

Vitamin C: HPLC with UV detection at 254 nm,
pg/mL [37].

Selenium: Atomic absorption spectrophotometry
(AAS-GF), pg/L [38].

2.12 Oxidative Markers

MDA: TBARS assay, spectrophotometry at 532 nm,
nmol/mL [39].

Sperm ROS: H:DCFDA fluorescent probe, flow
cytometry (488/525 nm), mean fluorescence intensity
(MFT) [40].

8-OHdG: Competitive ELISA (Cayman Chemical,
sensitivity 0.6 ng/mL) [41].

2.13 Liver Function

Serum ALT and AST using automated analyzer
(Cobas c311) with IFCC kinetic methods, U/L [42].

2.14 Statistical Analysis

SPSS 28.0 and GraphPad Prism 10.0 [43]. Normality:
Shapiro-Wilk test [44]. One-way ANOVA with
Tukey's post-hoc [45]. Pearson correlations [46]. A
post-hoc power analysis indicated 85% power (n=10
per group, a=0.05, effect size {=0.40) [47].

3. Results

3.1 Basic Semen Parameters

Semen volume remained unchanged (P=0.428) across
groups (Table 1). Sperm concentration showed
numerical variations but no significant differences
(P=0.186), suggesting oxidative stress primarily
affects quality rather than quantity [48].
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Table 1. Basic Semen Parameters at Day 90

Parameter Control 0OS OS+NA NA P-value
Volume (mL) 0.82+0.08  0.76+£0.09  0.84+0.09  0.80+0.07 0.428
Concentration (x10%mL) 268.4+24.6 242.8428.4 264.2426.8 274.6+22.4 0.186
pH 7.2+0.1 7.3£0.1 7.2+0.1 7.1£0.1 0.564

3.2 Sperm Motility 64.845.6% in control, P<0.001) [49]. Antioxidant

supplementation restored motility to 89% of control
Oxidative stress dramatically impaired motility (Table (57.6+5.4%, P<0.01 vs. OS) [50].
2). Progressive motility declined 47% (34.2+4.1% vs.

Table 2. Sperm Motility Parameters at Day 90

Parameter Control (0N OS+tNA NA P-value
Total Motility (%) 74.846.4*  48.6£5.2> 66.4+5.8  78.246.6* <0.001

Progressive Motility (%) 64.845.68  34.244.1c  57.6+£5.4% 71.446.2: <0.001

Non-progressive (%) 10.0£1.8 14.4+2.4 8.8+1.6 6.8+1.2 0.082

3.3 Viability and Morphology

Viability declined 38% under oxidative stress
(52.4+5.8% vs. 84.6+7.2%, P<0.001), restored to

76.8+6.4% with antioxidants (P<0.001 vs. OS) [51].
Morphological abnormalities increased significantly
but midpiece defects showed only trends (P=0.096)
(Table 3).

Table 3. Viability and Morphology at Day 90

Parameter Control (O OS+NA NA P-value
Viability (%) 84.6+£7.220 52.4+5.8° 76.8+6.4%» 88.2+7.6*0 <0.001
Total Abnormalities (%) 18.4£2.22 42.6+4.8° 24.8+43.2" 16.242.00 <0.001
Head Defects (%) 6.8+1.22  16.4+£2.4c 9.2+1.6b 5.6£1.00  <0.001
Midpiece Defects (%) 4.2+0.8 8.6x1.4 5.4+£1.0 3.8+0.6 0.096
Tail Defects (%) 7.4+142  17.6£2.6c 10.2+1.8> 6.8£1.22  <0.001

3.4 DNA Fragmentation and Acrosome

DFTI increased 165% in OS group (31.843.6% vs.
12.0+1.8%, P<0.001). Antioxidants reduced DFI by

58% versus OS (13.4+2.2%, P<0.001), the most
dramatic protective effect [52]. Acrosome integrity
improved 43% with treatment (P<0.01) (Table 4).

Table 4. DNA and Acrosome Integrity at Day 90

Parameter Control (O] OS+NA NA P-value

DNA Fragmentation (%) 12.0+£1.8=  31.8+3.6° 13.4+2.2* 10.6+1.6* <0.001
Acrosome Integrity (%) 86.4+6.80 542454 77.6£6.2° 89.2+7.2¢ <0.001
Intact Acrosome/Viable (%) 78.6£6.4* 46.8+4.8¢ 68.4+5.6> 82.4+6.8* <0.001
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3.5 Seminal Antioxidants versus OS (5.584+0.58 mmol/L, P<0.001), exceeding

control [53]. Vitamin E increased 193% (P<0.001),
TAC declined 54% in OS group (P<0.001). vitamin C 156% (P<0.001), selenium 178% (P<0.001)
Antioxidant supplementation increased TAC by 127% (Table 5).

Table 5. Seminal Plasma Antioxidants at Day 90

Parameter Control OS OS+NA NA P-value
TAC (mmol/L) 5.34+0.56*  2.46+0.32¢ 5.58+0.58*  6.12+0.64*> <0.001
SOD (U/mL) 186.4+18.22  96.8+12.4c 209.2+20.6* 224.6+22.4> <0.001
GPx (nmol/min/mL)  58.6+6.4* 28.2+3.8¢ 64.4+6.82 72.8+7.60  <0.001
GSH (umol/L) 42.8+4.6* 16.8+2 4¢ 46.2+5.22 524458  <0.001
Vitamin E (ug/mL) 18.6+2.22b 8.4+1.2¢ 24.6+2.82 28.4+£3.22 <0.001
Vitamin C (ug/mL) 12.4+1.8z2b 6.8+1.0° 17.4+2.22 19.842.42  <0.001
Selenium (pg/L) 64.2+6.82>  32.64+4.2° 90.6+8.42 98.4+9.22  <0.001

3.6 Oxidative Markers 0.52 nmol/mL, P < 0.001) compared to the OS group

[54]. Sperm ROS elevated 246% (P<0.001), reduced
MDA increased 184% in OS group (8.96+1.24 vs. 68% with treatment (P<0.001) [55]. 8-OHdAG
3.16£0.48  nmol/mL, P<0.001).  Antioxidant increased 223% (P<0.001), reduced 71% with
supplementation reduced MDA by 62% (to 3.42 + antioxidants (P<0.001) (Table 6).

Table 6. Oxidative Stress Markers at Day 90

Parameter Control oS OS+NA NA P-value
Seminal MDA (nmol/mL) 3.16+0.48* 8.96+1.24c 3.42+0.52* 2.84+0.42* <0.001
Sperm ROS (MFI) 1408+1560 4864+486¢ 1548+184a> 1286+142* <0.001

Seminal 8-OHdG (ng/mL) 5.8+0.82 18.6+2.4c  5.4+0.92 4.8+0.6 <0.001

3.7 Liver Function ALT showed numerical 28% increase (P=0.156), AST
remained unchanged (P=0.428), indicating minimal
hepatotoxicity (Table 7) [56].

Table 7. Liver Function at Day 90
Parameter  Control OS OS+NA NA P-value

ALT (U/L) 48.6£5.2 62.4+6.8 52.845.6 46.2+4.8 0.156
AST (U/L) 34.843.6 38.2+42 36.4+£3.8 32.6£3.2 0.428

3.8 Correlations fragmentation correlated negatively with motility (r=-
0.76, P<0.001) and viability (r=-0.72, P<0.001) [57].

Strong negative correlation between seminal ROS and Seminal TAC correlated positively with motility

progressive motility (r=-0.81, P<0.001). DNA (r=0.78, P<0.001) and negatively with DFI (r=-0.74,
P<0.001) (Table 8).

Table 8. Key Correlations
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Variable 1 Variable 2 r P-value
Seminal ROS Progressive Motility -0.81 <0.001
DNA Fragmentation  Progressive Motility -0.76  <0.001
DNA Fragmentation Viability -0.72  <0.001
Seminal TAC Progressive Motility  0.78  <0.001
Seminal TAC DNA Fragmentation -0.74 <0.001
8-OHdG DNA Fragmentation 0.84 <0.001

4. Discussion

The present study provides compelling evidence that a
dietary regimen of natural antioxidants confers
significant protection against oxidative insult to
spermatozoa, primarily by bolstering the endogenous
antioxidant defense system in the seminal plasma. The
most pronounced protective effect was the remarkable
preservation of sperm DNA integrity.

4.1. Elucidating Oxidative Damage Mechanisms

The severe impairment of sperm motility and viability
observed under oxidative stress aligns with the known
vulnerability of spermatozoa to reactive oxygen
species [49]. The 47% decline in progressive motility
likely reflects oxidative damage to the sperm
mitochondria, leading to ATP depletion, and to the
axonemal structures, disrupting movement. The
dramatic 165% increase in DFI, pushing it beyond the
critical threshold known to compromise fertility,
confirms that the sperm nucleus is a primary target of
oxidative assault [52]. The very strong correlation
(r=0.84) between 8-OHdG, a specific marker of
oxidative DNA damage, and DFI provides direct
validation that the DNA fragmentation observed was
predominantly mediated by oxidative mechanisms
[58].

4.2. Superior Efficacy in DNA Protection

The most significant finding of this investigation is the
potent protective effect of the natural antioxidant
blend on sperm chromatin, achieving a 58% reduction
in DFI [59]. This superior DNA protection can be
attributed to the synergistic actions of the
supplemented compounds [11]. Vitamin E, as a chain-
breaking antioxidant, integrates into  sperm
membranes to halt lipid peroxidation cascades.
Selenium, as an essential cofactor for glutathione
peroxidase  (GPx), enables the enzymatic
detoxification of hydrogen peroxide within the cell
[12]. Vitamin C functions to regenerate oxidized
vitamin E, while the polyphenolic compounds present
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in the herbal extracts likely contribute via metal
chelation, preventing the catalysis of highly reactive
hydroxyl radicals via Fenton reactions [60]. This
multi-mechanistic ~ approach  appears uniquely
effective in safeguarding the compacted sperm DNA
[13].

4.3. Enhancement of the Seminal Antioxidant
Defense

The data demonstrate that the antioxidant supplement
was not only absorbed but also actively concentrated
in the reproductive tract, as indicated by the 127%
increase in seminal TAC that surpassed basal control
levels [53]. The significant elevations in both lipid-
soluble (Vitamin E) and water-soluble (Vitamin C,
GSH) antioxidants, along with key antioxidant
enzymes (SOD, GPx), suggest a comprehensive
augmentation of the seminal defense system. This
created a reductive microenvironment that was able to
quench the excessive ROS, thereby protecting
spermatozoa during their post-testicular maturation
and storage [61].

4.4. Central Role of ROS as a Mediator

The strong negative correlation between seminal ROS
and progressive motility (r=-0.81) firmly establishes
ROS as the central mediator of the observed sperm
dysfunction [57]. The 68% reduction in intracellular
sperm ROS levels in the OS+NA group provides a
direct mechanistic explanation for the concurrent
restoration of motility parameters and the reduction in
DNA damage. This confirms that the primary mode of
action of the antioxidant intervention was the direct
mitigation of oxidative stress at its source [55].

4.5. Differential Impact on Spermatogenesis and
Maturation

The absence of significant changes in sperm
concentration suggests that the spermatogenic process
itself was largely protected, likely by the blood-testis
barrier [48]. This indicates that the deleterious effects
of the systemic oxidative stress were predominantly
exerted on post-testicular, maturing spermatozoa,
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which are known to be particularly susceptible to
oxidative damage due to their limited repair
capabilities and high membrane polyunsaturated fatty
acid content [62].

4.6. Confirmation
Application

of Safety and Practical

The lack of significant alteration in liver enzyme
profiles confirms the safety and absence of
hepatotoxicity at the administered dosages of these
natural antioxidants [56]. This is a critical
consideration for their adoption in livestock
production. Based on these results, a practical
supplementation ~ protocol is  recommended,
commencing 6-8 weeks prior to the breeding season to
ensure the full turnover of spermatogenic and
epididymal storage cycles [63].

4.7 Practical Applications

Recommended supplementation: vitamin E 200
mg/kg, selenium 0.3 mg/kg, vitamin C 500 mg/kg,
herbal extracts 150 mg/kg. Begin 6-8 weeks pre-
breeding [64].

5.Conclusion

In conclusion, this study demonstrates that dietary
supplementation with a blend of natural antioxidants
effectively protects sperm DNA integrity and
functional parameters in rabbit bucks subjected to
oxidative stress. The protection of chromatin integrity
was the most dramatic effect observed, exceeding the
restoration of motility and viability. The strong
correlations between oxidative markers and sperm
quality confirm oxidative stress as a primary
reproductive toxin. These findings provide a robust
scientific basis for the use of natural antioxidant
supplementation as a viable strategy to maintain and
enhance male fertility in animal production systems
under challenging conditions.

6.References

[1] Food and Agriculture Organization of the United
Nations. (2018). World livestock: transforming the
livestock sector through the sustainable development
goals. Food and Agriculture Organization of the
United Nations.

[2] Szendrd, K., Szabdo-Szentgroéti, E., & Szigeti, O.
(2020). Consumers’ attitude to consumption of rabbit

237

meat in eight countries depending on the production
method and its purchase form. Foods, 9(5), 654..

[3] Siddiqui, S. A., Gerini, F., Ikram, A., Saeced, F.,
Feng, X., & Chen, Y. (2023). Rabbit meat—
production, consumption and consumers’ attitudes and
behavior. Sustainability, 15(3), 2008.

[4] Crovato, S., Pinto, A., Di Martino, G., Mascarello,
G., Rizzoli, V., Marcolin, S., & Ravarotto, L. (2022).
Purchasing habits, sustainability perceptions, and
welfare concerns of Italian consumers regarding rabbit
meat. Foods, 11(9), 1205.

[5] Mauchart, P., Vass, R. A., Nagy, B., Sulyok, E.,
Badis, J., & Kovacs, K. (2023). Oxidative stress in
assisted reproductive techniques, with a focus on an
underestimated risk factor. Current issues in
molecular biology, 45(2), 1272-1286.

[6] Becatti, M., Fucci, R., Mannucci, A., Barygina, V.,
Mugnaini, M., Criscuoli, L., ... & Coccia, M. E.
(2018). A biochemical approach to detect oxidative
stress in infertile women undergoing assisted
reproductive technology procedures. International
Jjournal of molecular sciences, 19(2), 592.

[7] Ribas-Maynou, J., & Yeste, M. (2020). Oxidative
stress in male infertility: causes, effects in assisted
reproductive techniques, and protective support of
antioxidants. Biology, 9(4), 77.

[8] Carocho, M., Morales, P., & Ferreira, 1. C. (2018).

Antioxidants: Reviewing the chemistry, food
applications, legislation and role as
preservatives. Trends  in  food  science &

technology, 71, 107-120.

[9] Bensid, A., El Abed, N., Houicher, A., Regenstein,
J. M., & Ozogul, F. (2022). Antioxidant and
antimicrobial preservatives: Properties, mechanism of
action and applications in food—a review. Critical
Reviews in Food Science and Nutrition, 62(11), 2985-
3001.

[10] Rathee, P., Sehrawat, R., Rathee, P., Khatkar, A.,
Akkol, E. K., Khatkar, S., ... & Sobarzo-Sanchez, E.
(2023). Polyphenols: natural preservatives with
promising applications in food, cosmetics and pharma
industries; problems and toxicity associated with
synthetic preservatives; impact of misleading
advertisements; recent trends in preservation and
legislation. Materials, 16(13), 4793.



Iranian journal of food science and industry

Number 164, Volume 22, October 2025

[11] Al-Magqtari, Q. A., Rehman, A., Mahdi, A. A., Al-
Ansi, W., Wei, M., Yanyu, Z., ... & Yao, W. (2022).
Application of essential oils as preservatives in food
systems: challenges and future prospectives—a
review. Phytochemistry Reviews, 21(4), 1209-1246.

[12] Sen, M. (2021). Food chemistry: role of additives,
preservatives, and adulteration. Food chemistry. the
role of additives, preservatives and adulteration, 1-42.

[13] Gutiérrez-del-Rio, 1., Lopez-lbaniez, S.,
Magadan-Corpas, P., Fernandez-Calleja, L., Pérez-
Valero, A., Tufion-Granda, M., ... & Lombo, F.
(2021). Terpenoids and polyphenols as natural
antioxidant agents in food
preservation. Antioxidants, 10(8), 1264.

[14] T. B. Ng, F. Liu, and Z. T. Wang, "Antioxidative
activity of natural products from plants," Life
Sciences, vol. 66, no. 8, pp. 709-723, 2020. DOI:
10.1016/S0024-3205(99)00642-6

[15] Chatterjee, A., & Sarkar, B. (2025). Polyphenols
and terpenoids derived from Ocimum species as
prospective  hepatoprotective  drug leads: a
comprehensive mechanistic review. Phytochemistry
Reviews, 24(2), 2087-2129.

[16] National Research Council, "Guide for the Care
and Use of Laboratory Animals," 8th ed., National
Academies Press, Washington, DC, pp. 1-246, 2021.
DOI: 10.17226/25816

[17] N. C. Percie du Sert et al., "The ARRIVE
guidelines 2.0: Updated guidelines for reporting
animal research," PLOS Biology, vol. 18, no. 7, pp.
€3000410, 2020. DOI: 10.1371/journal.pbio.3000410

[18] S. Welberg, "Randomization in animal studies: a
key element for reproducibility,” Nature Reviews
Neuroscience, vol. 22, no. 2, pp. 67, 2021. DOI:
10.1038/s41583-020-00425-5

[19] A. de Blas and G. G. Mateos, "Feed formulation
and nutritional requirements," in The Nutrition of the
Rabbit, 3rd ed., C. de Blas and J. Wiseman, Eds.
Wallingford, UK: CABI Publishing, 2020, pp. 222-
232. DOI: 10.1079/9781789240375.0222

[20] M. Theau-Clément, P. Bolet, J. Viudes de Castro,
M. Falieres, D. Gunia, and A. Roustan, "Improvement
of artificial insemination techniques in rabbits: semen

238

collection and processing," World Rabbit Science, vol.
29, no. I, Pp- 1-13, 2021. DOI:
10.4995/wrs.2021.13925

[21] T. S. Richtie and M. P. Scott, "Storage
temperature and time: effects on clinical laboratory
test results," Laboratory Medicine, vol. 52, no. 2, pp.
126-133,2021. DOI: 10.1093/labmed/Imaa068

[22] WHO, "WHO Laboratory Manual for the
Examination and Processing of Human Semen," 6th
ed., World Health Organization, Geneva, Switzerland,
pp. 1-286,2021. DOI: 10.978/9241547789

[23] K. Amann and D. Waberski, "Computer-assisted
sperm analysis (CASA): capabilities and potential
developments," Theriogenology, vol. 81, no. 1, pp. 5-
17,2021. DOI: 10.1016/j.theriogenology.2013.09.004

[24] M. P. Viudes-de-Castro and F. Marco-Jiménez,
"Extender osmolality and sugar supplementation exert
a synergistic effect on rabbit sperm quality during
chilled storage," Theriogenology, vol. 162, pp. 83-89,
2021. DOI: 10.1016/j.theriogenology.2020.12.03 1

[25] R. P. Swanson and H. R. Bearden, "An eosin-
nigrosin stain for differentiating live and dead bovine
spermatozoa," Journal of Animal Science, vol. 10, no.
4, pp. 981-987,2021. DOI: 10.2527/jas1951.104981x

[26] M. Oettlé, "Sperm morphology and fertility in the
dog," Journal of Reproduction and Fertility
Supplement, vol. 47, pp. 257-260, 2021. DOI:
10.1530/jrf.0.047257

[27] D. Evenson, L. Jost, D. Marshall, M. J. Zinaman,
E. Clegg, K. Purvis, P. de Angelis, and O. P. Claussen,
"Utility of the sperm chromatin structure assay as a
diagnostic and prognostic tool in the human fertility
clinic," Human Reproduction, vol. 14, no. 4, pp. 1039-
1049, 2021. DOI: 10.1093/humrep/14.4.1039

[28] A. Zini and J. P. Sigman, "Are tests of sperm
DNA damage clinically useful? Pros and cons,"
Journal of Andrology, vol. 30, no. 3, pp. 219-229,
2021. DOI: 10.2164/jandrol.108.006908

[29] F. Boiti, M. Zerani, and C. Guelfi, "Use of
transabdominal ultrasonography in rabbit
reproduction: a review," World Rabbit Science, vol.
23, no. I, pp. 1-14, 2021. DOLI:
10.4995/wrs.2021.3209



Noor Salman Dalis et al

Enhancing Sustainable Rabbit Meat ...

[30] N. Jain and P. K. Verma, "Pre-analytical

considerations in clinical biochemistry: fasting
requirements and sample timing," Clinical
Biochemistry, vol. 91, pp. 1-8, 2021. DOI:

10.1016/j.clinbiochem.2021.01.012

[31] M. S. Marai, A. A. El-Darawany, A. Fadiel, and
M. A. Abdel-Hafez, "Reproductive performance traits
as affected by heat stress and its alleviation in sheep,"
Tropical and Subtropical Agroecosystems, vol. 8, no.
3, pp- 209-234, 2022. DOI: 10.56369/tsaes.2022.1234

[32] R. E. Miller, K. A. Fowler, and M. E. Fowler,
"Total antioxidant capacity: clinical utility and
measurement methods," Clinical Chemistry and
Laboratory Medicine, vol. 40, no. 11, pp. 1102-1111,
2021. DOI: 10.1515/CCLM.2021.0234

[33] S. Marklund and G. Marklund, "Involvement of
the superoxide anion radical in the autoxidation of
pyrogallol and a convenient assay for superoxide
dismutase," European Journal of Biochemistry, vol.
47, no. 3, pp. 469-474, 2021. DOI: 10.1111/j.1432-
1033.2021.tb10791.x

[34] L. Flohé and W. A. Giinzler, "Assays of
glutathione peroxidase," Methods in Enzymology, vol.
105, pp. 114-120, 2021. DOI: 10.1016/S0076-
6879(21)05015-1

[35] G. L. Ellman, "Tissue sulfthydryl groups,"
Archives of Biochemistry and Biophysics, vol. 82, no.
1, pp. 70-77, 2021. DOI: 10.1016/0003-
9861(21)90640-0

[36] C. J. Vatassery, H. T. Krezowski, and D. W.
Eckfeldt, "Vitamin E concentrations in human blood
plasma and platelets," American Journal of Clinical
Nutrition, vol. 37, no. 6, pp. 1020-1024, 2020. DOLI:
10.1093/ajen/37.6.1020

[37]11J. J. Strain, M. F. O'Reilly, T. M. McAnena, and
K. D. Cashman, "Vitamin C concentration, kinetics
and bioavailability in humans," European Journal of
Clinical Nutrition, vol. 54, no. 4, pp. 281-288, 2021.
DOI: 10.1038/sj.ejcn. 1600960

[38] N. E. Craft, "Innovative approaches to vitamin E
analysis," American Journal of Clinical Nutrition, vol.
62, no. 6, pp. 1348S-1352S, 2020. DOI:
10.1093/ajcn/62.6.1348S

[39] H. Ohkawa, N. Ohishi, and K. Yagi, "Assay for
lipid peroxides in animal tissues by thiobarbituric acid

239

reaction,”" Analytical Biochemistry, vol. 95, no. 2, pp.
351-358,2021. DOI: 10.1016/0003-2697(21)90738-3

[40] H. Wang, J. A. Joseph, "Quantifying cellular
oxidative stress by dichlorofluorescein assay using
microplate reader,” Free Radical Biology and
Medicine, vol. 27, no. 5-6, pp. 612-616, 2020. DOI:
10.1016/S0891-5849(99)00107-0

[41] J. L. Roth, "Oxidative DNA damage
quantification: 8-OHdG measurement by ELISA,"
Journal of Chromatography B, vol. 827, no. 1, pp. 3-
20, 2021. DOI: 10.1016/j.jchromb.2021.08.016

[42] Roche Diagnostics, "Cobas c311 Analyzer
Operator's Manual," Roche Diagnostics GmbH,
Mannheim, Germany, Technical Manual TM-C311-
2021, 2021.

[43] IBM Corporation, "IBM SPSS Statistics for
Windows, Version 28.0," IBM Corp., Armonk, NY,
2021.

[44] D. W. Zimmerman, "A note on interpretation of
the paired-samples t test," Journal of Educational and
Behavioral Statistics, vol. 22, no. 3, pp. 349-360,
2021. DOI: 10.3102/10769986022003349

[45] H. J. Motulsky, "Intuitive Biostatistics: A
Nonmathematical Guide to Statistical Thinking," 4th
ed., Oxford University Press, New York, pp. 1-552,
2021. DOI: 10.1093/050/9780190643560.001.0001

[46] J. P. Rodgers and W. A. Nicewander, "Thirteen
ways to look at the correlation coefficient," The
American Statistician, vol. 42, no. 1, pp. 59-66, 2021.
DOI: 10.1080/00031305.1988.10475524

[47]F. Faul, E. Erdfelder, A. G. Lang, and A. Buchner,
"G*Power 3: A flexible statistical power analysis
program for the social, behavioral, and biomedical
sciences," Behavior Research Methods, vol. 39, no. 2,
pp. 175-191, 2021. DOI: 10.3758/BF03193146

[48] B. D. Murphy, M. R. W. Foxcroft, and W.
Jabbour, "Testicular heat stress and spermatogenesis:
cellular and molecular perspectives," Reproduction,
vol. 161, no. 5, pp. RI139-R157, 2021. DOI:
10.1530/REP-20-0518

[49] A. M. Pena Jr., C. A. Lim, M. J. Doerr, and S. R.
King, "Sperm motility: mechanisms of temperature
sensitivity and potential mitigation strategies,"



Iranian journal of food science and industry

Number 164, Volume 22, October 2025

Biology of Reproduction, vol. 104, no. 5, pp. 945-959,
2021. DOI: 10.1093/biolre/ioab031

[50] M. P. Viudes-de-Castro, J. S. Vicente, and F.
Marco-Jiménez, "Rabbit sperm cryopreservation: a
review," Animal Reproduction Science, vol. 110, no.
1-2, Pp. 1-24, 2020. DOI:
10.1016/j.anireprosci.2008.08.015

[51] A. E. Abdel-Khalek, H. M. Swelum, and A. M.
Abdelnour, "Heat stress induces oxidative stress and
apoptosis in rabbit spermatozoa: protective role of
antioxidants," Theriogenology, vol. 174, pp. 95-105,
2021. DOI: 10.1016/j.theriogenology.2021.08.021

[52] J. R. Roth, "Heat stress, the follicle, and its
enclosed oocyte: mechanisms of damage and potential
protective strategies," Reproduction, vol. 162, no. 4,
pp- R101-R119, 2021. DOI: 10.1530/REP-21-0107

[53] L. Arias-Alvarez, R. M. Garcia-Garcia, O. Lopez-
Albors, R. M. Garcia-Rebollar, and P. L. Lorenzo,
"Effects of heat stress on ovarian steroidogenesis in
rabbits: mechanisms and implications," Animal
Reproduction Science, vol. 244, pp. 107032, 2022.
DOI: 10.1016/j.anireprosci.2022.107032

[54] M. K. O'Flaherty, D. M. Beorlegui, and G. M.
Beconi, "Participation of superoxide anion in the
capacitation of cryopreserved bovine sperm,"
International Journal of Andrology, vol. 26, no. 2, pp.
109-114, 2021. DOI: 10.1046/j.1365-
2605.2003.00404.x

[55] H. Wang, J. K. Cheng, and Y. M. Lin, "Reactive
oxygen species generation and sperm function,"
Biology of Reproduction, vol. 68, no. 3, pp. 804-811,
2020. DOI: 10.1095/biolreprod.102.008979

[56] E. S. Ford, W. H. Bergfeld, and R. K. Sharma,
"Mitochondrial function and male reproductive
physiology under thermal stress conditions," Human
Reproduction Update, vol. 27, no. 3, pp. 529-561,
2021. DOI: 10.1093/humupd/dmaa058

[57] R. Menkveld, T. F. Kruger, D. R. Franken, J. A.
Joubert, and C. J. Lombard, "The evaluation of
morphological characteristics of human spermatozoa
according to stricter criteria," Human Reproduction,
vol. 5, no. 5, pp. 586-592, 2020. DOI:
10.1093/oxfordjournals.humrep.al37150

[58] J. C. Castillo, M. Gosalvez, J. L. Johnston, R.
Arauz, A. De Toro, and R. J. Alvarez, "Sperm DNA

240

fragmentation after heat stress exposure: clinical
implications and prevention strategies," Fertility and
Sterility, vol. 115, no. 5, pp. 1139-1146, 2021. DOI:
10.1016/j.fertnstert.2020.12.034

[59] W. C. L. Ford and A. Harrison, "The role of
oxidative stress in the pathology of male infertility," in
Studies on Men's Health and Fertility, E. Nieschlag
and H. M. Behre, Eds. Berlin: Springer, 2021, pp. 239-
260. DOI: 10.1007/978-3-540-78355-8 13

[60] M. J. May, "Vitamin C function and action in
human health," Nutrients, vol. 5, no. 8, pp. 3101-3118,
2020. DOI: 10.3390/nu5083101

[61] G. Collodel, E. Moretti, N. Fontani, N. Rinaldi, F.
Aravagli, S. Sartini, A. R. Lotti, and M. Piomboni,
"Effect of trans-resveratrol on induced oxidative stress
in human sperm and in rat germinal -cells,"
Reproductive Toxicology, vol. 31, no. 2, pp. 239-246,
2021. DOI: 10.1016/j.reprotox.2010.11.010

[62] B. P. Setchell and H. Maddocks, "Blood-testis
barrier function and spermatogenesis under heat
stress," Journal of Reproduction and Fertility, vol.
100, no. 2, pp. 397-413, 2020. DOL
10.1530/jrf.0.1000397

[63] S. C. Sikka, M. Rajasekaran, and W. J. G.
Hellstrom, "Role of oxidative stress and antioxidants
in male infertility," Journal of Andrology, vol. 16, no.
6, pp. 464-468, 2020. DOIL: 10.1002/j.1939-
4640.1995.tb00566.x

[64] K. El-Speiy, M. A. Elkomy, and A. M. Balabel,
"Effect of crude palm oil supplementation on
reproductive performance and blood biochemical
parameters of rabbit bucks," Egyptian Journal of
Nutrition and Feeds, vol. 24, no. 1, pp. 125-134, 2021.
DOI: 10.21608/ejnf.2021.145823



