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Reproduction involves producing a new generation resembling its predecessors, with 

sexual reproduction combining sperm and oocyte to form a diploid zygote (Flesch & Gadella, 

2000) and the process of spermatogenesis involves the multiplication of spermatogonia, meiosis 

of spermatocytes, and the differentiation of spermatids into sperm capable of fertilizing an egg. In 

mammals, spermiogenesis includes four phases: Golgi, cap, acrosome, and maturation (Abou-

Haila and Tulsiani, 2000; Clermont and Leblond, 1955; Bedford and Nicander, 1971; Breed, 2004). 

Spermatogonia in the basal compartment are classified into type A pale (mitotic replication), type 

A dark (testicular stem cells), and type B (Schlatt and Ehmcke, 2014; Ehmcke and Schlatt, 2006). 

However, maturation of bull spermatid includes eight spermatogenic stages.

Sperm ejaculation is a complex process. After spermiogenesis in the seminiferous tubules, 

spermatogonia undergoes mitosis and meiosis to become spermatocytes, then spermatids, and 

finally mature into nonmotile spermatozoa. These spermatozoa are transported passively through 

testicular fluid to the epididymis, gaining motility. The vas deferens connects the ejaculatory ducts 

to the epididymis, which in bulls is about 40 meters long, serving for sperm transport, storage, and 

maturation. Sperm transport through the epididymis varies by species: about 14 days in bulls, 3 to 

5 days in mice, and 11 days in rats (Fournier-Delpech and Thibault, 1993). Spermatocytogenesis 

in bulls takes approximately 21 days (Johnson et al., 2000).

Sperm is a specialized cell with a unique structure: the head, midpiece, and flagellum 

(Publicover et al., 2007). The head contains paternal DNA, minimal cytoplasm, and enzymes to 

penetrate the oocyte's cumulus cells and zona pellucida (Evenson et al., 2002). During maturation, 

85% of histones in the nucleus are replaced by protamines, which are arginine-rich proteins linked 
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by disulfide bridges (Ward, 2018; Ribas-Maynou et al., 2022). The sperm head's primary role is 

delivering a haploid chromosome set to the female gamete (Mortimer, 1997). Maintaining the 

integrity of the sperm head membranes is crucial for fertilization, as only sperm with intact 

membranes can undergo capacitation and the acrosome reaction (Yanagimachi, 1981).

The acrosome is a specialized organelle unique to sperm, absent in somatic cells. 

Originating from the Golgi apparatus, it forms a cap-like structure over two-thirds of the nucleus, 

with inner and outer membranes (Abou-Haila and Tulsiani, 2000; Toshimori and Iti, 2003). This 

cap, 0.2 to 0.3 μm thick, is rich in polyunsaturated fatty acids (Saacke & Almquist, 1964) and 

contains hydrolytic enzymes such as protease, glycosidase, acrosin, and hyaluronidase. These 

enzymes facilitate sperm penetration through the zona pellucida and fusion with the oocyte 

(Yanagimachi, 1994; Grootegoed et al., 2000; Breitbart, 2002; Florman, 1994; Hirohashi and 

Yanagimachi, 2018; Dan, 1952, 1954; Darszon et al., 2011). Acrosin, synthesized as inactive 

proacrosin, is activated during acrosomal exocytosis (Vazquez-Levin et al., 2007). Hyaluronidase 

helps depolymerize the matrix between cumulus oophorus cells (Hirayama et al., 1989).

Acrosome biogenesis begins during meiosis or early spermiogenesis (Anakwe and Gerton, 

1989; Escalier et al., 1991; Moreno et al., 2000) and is divided into four phases: Golgi, cap, 

acrosome, and maturation. The Golgi phase involves the Golgi apparatus producing glycoproteins 

and forming proacrosomal vesicles necessary for acrosome formation (Leblond and Clermont, 

1952; Hess, 1990; Russell et al., 1993). In the cap phase, the acrosomal granule enlarges, flattens, 

and spreads over the nucleus to form a cap. The acrosome phase features the marginal ring 

associating with the growing edge of the acrosome. During the maturation phase, the acrosome 

condenses and attaches to the inner acrosomal membrane. Although the acrosome's basic structure 
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is similar across mammals, its shape and size can vary among species, including paddle, hook, and 

spatula-like forms (Eddy and O’Brien, 1994; Bedford, 2014).

Defects in the sperm head and abnormal acrosomes impair sperm's ability to bind to the 

zona pellucida and undergo the acrosome reaction (Silber, 1989; Menkveld et al., 2011; Abu 

Hassan Abu et al., 2012). This reaction typically occurs in the female reproductive tract (Boatman 

and Robbins, 1991) as sperm reach the cumulus cell-oocyte complexes. 

The midpiece of a spermatozoon, located between the head and tail, contains a 

mitochondrial sheath coiled around the axoneme, generating ATP through oxidative 

phosphorylation (Bahr and Engler, 1970; Gaffney et al., 2011; Hirata et al., 2002). It is separated 

from the principal piece by the annulus and typically houses 70–80 mitochondria (Rajender et al., 

2010; Garcia-Rincon et al., 2016; Nakata et al., 2015; Ankel-Simons and Cummins, 1996). 

Mitochondria are crucial for energy production, redox and calcium homeostasis, steroid hormone 

biosynthesis, and apoptosis regulation (Zorov et al., 1997; Boguenet et al., 2021). The size of the 

midpiece and mitochondrial count can vary significantly among species (Favard and Andre, 1970; 

Ramalho-Santos et al., 2007).

The sperm flagellum consists of four parts: the neck with two centrioles, the mid-piece 

with mitochondria providing energy, the principal piece with fibrous elements, and the end-piece. 

In bull sperm, the flagellum measures about 54 μm, though it's longer in species like rats and mice, 

enhancing force generation (Katz and Drobnis, 1990). The axoneme, the core structure of the 

flagellum, features microtubules (Tubulin α and β) arranged in a 9+2 pattern (Afzelius, 1959; Eddy 

et al., 2003; Kalthoff, 2001; Inaba, 2003; Link, 2001; Turner, 2003), with two central microtubules 

and nine outer dense fibers linked by dynein arms and radial spokes (Gibbons and Grimstone, 
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1960; Hopkins, 1970). Dynein, a high molecular weight ATPase, converts ATP hydrolysis into 

mechanical energy, crucial for flagellar motion. Dynein arms are categorized into inner and outer 

types; inner arms generate sliding forces between microtubules, promoting flagellar bending, while 

outer arms increase sliding velocity and beat frequency (Toshimori and Eddy, 2014). The outer 

dynein arms consist of an intermediate–light chain complex, and heavy chain structures that 

include an ATPase-associated ring (head), a stalk, and a stem (Schmidt and Carter, 2016). The 

axoneme also contains calcium-binding proteins: calmodulin, centrin/caltractin, and a light chain 

of the outer dynein arms (Smith, 2002). Calcium influences the axoneme by modulating flagellar 

bend curvature and hyperactivated motility in spermatozoa (Ho et al., 2002). Proper axoneme 

formation is essential for effective sperm motility and fertility.

Sperm morphology strongly correlates with sperm function and varies significantly across 

species. For example, sperm lengths range from 50 to 70 μm in humans, boars, bulls, goats, and 

rabbits, while mouse sperm measures about 150 μm, and rat sperm is even longer (Brotherton, 

1975). The sperm head shape also varies round in humans and other mammals but sickle-shaped 

in mice and rats. This morphology affects sperm velocity, which is influenced by flagellum length 

and mitochondrial volume. Research shows a positive correlation between mitochondrial volume 

and flagellum length, indicating that sperm motility depends on mitochondrial size and number 

(Ruiz-Pesini et al., 1998; Cardullo and Baltz, 1991). However, longer midpieces can slow sperm 

movement, and sperm with longer heads and shorter midpieces swim faster compared to those 

with longer midpieces and shorter heads (Malo et al., 2006). Additionally, studies suggest a 

connection between the head and midpiece affecting sperm motility (Gage, 1998; Piasecka and 

Kawiak, 2003). Tail length also impacts sperm motility, as observed in primates, rodents (Froman 

and Feltmann, 1998), and red Iberian deer (Malo et al., 2006). Variations in sperm length are 
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mainly attributed to tail length differences (Cummins and Woodall, 1985). Morphological 

variations in the flagellum, midpiece, and principal piece contribute to adaptations for sperm 

survival and travel in the female reproductive tract (Maree, 2011). Defects in the midpiece and tail, 

which are crucial for energy production and motility, significantly impair sperm function and are 

key indicators of reduced fertility in humans (Kruger et al., 1988), stallions (Jasko et al., 1990), 

bulls (Sekoni and Gustafsson, 1987), goats, and rams (DeJarnette et al., 1992; Gravance et al., 

1995).

Spermatozoa have a high and fluctuating energy demand, which they meet through 

glycolysis and oxidative phosphorylation (Wallimann et al., 1992; Du Plessis et al., 2015). 

Glycolysis primarily occurs in the sperm head and principal piece of the flagellum, while oxidative 

phosphorylation takes place in the mitochondria (Freitas et al., 2017; Amaral, 2022). Both 

pathways generate ATP, essential for sperm functions such as motility, capacitation, 

hyperactivation, and the acrosome reaction (Miki, 2007; Mannowetz et al., 2012; Mukai and 

Travis, 2012). Despite glycolysis producing fewer ATP molecules than oxidative phosphorylation, 

energy production varies by species. For example, human, mouse, and boar spermatozoa 

predominantly rely on glycolysis (Miki et al., 2004; Williams and Ford, 2001; Rodríguez-Gil and 

Bonet, 2016), while bull, stallion, and ram spermatozoa mainly depend on oxidative 

phosphorylation (Gibb et al., 2020; Gibb et al., 2014). Sperm cells switch metabolic pathways 

based on oxygen availability and substrate concentration, such as glucose, pyruvate, lactate, 

sorbitol, glycerol, and fructose (Cao et al., 2009; Williams and Ford, 2001; Hereng et al., 2011; 

Jones et al., 1992; Rigau et al., 2001). This adaptability ensures sustained motility throughout their 

journey from the epididymis through the female reproductive tract to the oocyte. Sperm flagellum 

compartments are crucial for compartmentalizing these metabolic pathways. Additionally, some 
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spermatozoa, including those from bulls, rams, dogs, and cockerels, use short-chain fatty acids as 

an energy source in the presence of oxygen, with species-specific differences noted (Minassian 

and Terner, 1966; Scott and Dawson, 1968; Poulos and White, 1973; Scott, 1973; Howarth, 1978; 

Mita et al., 1995). Several glycolytic enzymes, such as hexokinase, lactate dehydrogenase, and 

glyceraldehyde 3-phosphate dehydrogenase, are found in the head membrane, fibrous sheath, and 

mitochondria (Bradley et al., 1996; Westhoff and Kamp, 1997; Bunch et al., 1998; Mori et al., 

1998).

Oviductal fluid is rich in substrates and cofactors crucial for oocyte maturation, 

fertilization, and early embryo development. It includes glucose, arginine, serum albumin, 

transferrin, glycoproteins, galactose, immunoglobulins, lactate, pyruvate, bicarbonate, cytokines, 

growth factors, amino acids, enzymes, hormones, and extracellular vesicles (Beier, 1974; Binelli 

et al., 2018; Rodríguez-Alonso et al., 2020; Saint-Dizier et al., 2020; Engle and Foley, 1975; Kamp 

et al., 2003; Mannowetz et al., 2012).

In spermatozoa, glucose is metabolized through glycolysis and the pentose phosphate 

pathway (PPP), which occurs in the principal piece and midpiece of the flagellum, respectively 

(Urner and Sakkas, 1999; Zimmermann and Geyer, 1981). Under anaerobic conditions, pyruvate 

is converted into lactate, generating NAD+ for glycolysis (Boguenet et al., 2021). In aerobic 

conditions, pyruvate enters mitochondria, is oxidized to acetyl CoA, and enters the Krebs cycle 

(Hildyard and Halestrap, 2003; Ferramosca and Zara, 2014). Respiratory substrates like malate 

and pyruvate stimulate sperm motility, while inhibitors like rotenone and cyanide impede it 

(Grootegoed et al., 1984; Nakamura et al., 1984; Ramió-Lluch et al., 2014; Rogers et al., 1977). 

Approximately 70% of ATP produced drives axonemal dynein for motility, while 30% supports 

substrate cycling and ionic gradients (Bohnensack and Halangk, 1986). ATP is vital for 
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capacitation and the acrosome reaction, essential for fertilization (Austin, 1952; Chang, 1984; 

Yanagimachi, 1989; Tulsiani et al., 2007).

Linear motility is essential for sperm migration from the cervix to the oviduct, features low 

lateral amplitude and high straight-line velocity (Shalgi et al., 1992; Ishijima, 2015). During 

fertilization, hyperactivation involves high curvilinear velocity and increased lateral amplitude 

(Suarez, 2008; Stauss et al., 1995). Spermatozoa use ATP for motility and hyperactivation while 

producing reactive oxygen species (ROS) through mitochondrial electron leakage.

Spermatozoa experience oxidative stress when reactive oxygen species (ROS) production 

exceeds normal levels or when antioxidant levels are reduced (Agarwal and Sengupta, 2020; 

Pereira et al., 2022). Many studies have shown that antioxidants in cryopreservation media can 

mitigate oxidative stress in sperm cells. It also is believed that low molecular weight non-

enzymatic antioxidants play a more significant role than high molecular weight enzymatic 

molecules (Kovalski et al., 1992). However, it is not well understood which type of oxidative stress 

has the most detrimental effect on sperm motility or how antioxidants specifically reduce 

cytoplasmic or mitochondrial oxidative stress to maintain sperm motility.

Therefore, the purpose of this study was to use fresh bull semen samples treated with 

hydrogen peroxide and antimycin to elucidate the efficiency of antioxidants against both 

endogenous and exogenous oxidative stress. These findings could have important implications for 

improving the survivability of frozen-thawed bull semen.
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Oxidative stress exerts a profoundly detrimental effect on several vital components of 

spermatozoa, including the axon of the tail, the acrosome, and the midpiece. These structures are 

critical for the sperm's ability to move, penetrate the egg, and carry out fertilization. The tail’s axon 

is central to the sperm's motility, the acrosome contains enzymes essential for penetrating the egg, 

and the midpiece houses mitochondria, which produce the energy needed for sperm motility. When 

oxidative stress disrupts these components, it hampers the sperm's ability to function properly.

Specifically, oxidative stress disrupts the metabolic processes that drive ATP production 

within the mitochondria and cytoplasm, which is critical for the energy-dependent processes in 

sperm. The production of ATP in sperm cells is essential for their motility and overall viability, as 

it fuels the movement of the flagellum and other cellular activities necessary for fertilization. When 

oxidative stress impairs these processes, the sperm’s motility is reduced, which can lead to 

decreased fertilization potential (Aitken et al., 1998; Moazamian et al., 2015).

Moreover, oxidative stress triggers the apoptotic pathway within sperm cells, a process that 

leads to programmed cell death. This is particularly concerning because apoptosis in sperm cells 

results in DNA fragmentation, which can significantly impair the genetic integrity of the sperm. 

DNA fragmentation is a critical issue as it can lead to the failure of the sperm to fertilize the egg, 

and even if fertilization occurs, it may result in chromosomal abnormalities in the developing 

embryo. The activation of apoptosis through oxidative stress underscores the importance of 

maintaining a balance in ROS levels to ensure the viability and genetic integrity of sperm (Lewis 

and Aitken 2005; Aitken and Baker 2006; Bansal and Bilaspuri 2011; Agarwal et al., 2014b).
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ROS, or reactive oxygen species, are chemically reactive molecules containing oxygen, 

and they are generated by both endogenous (internal) and exogenous (external) factors. Within 

sperm cells, ROS can oxidize lipids, proteins, nucleic acids and essential biomolecules that are 

critical for maintaining the structural integrity and function of sperm. Lipid oxidation can disrupt 

the integrity of sperm membranes, protein oxidation can impair enzymatic functions and structural 

proteins, and nucleic acid oxidation can lead to mutations or breaks in DNA strands. Collectively, 

these oxidative processes contribute to what is termed oxidative stress, which is the imbalance 

between the production of ROS and the body’s ability to neutralize and detoxify them (Morielli 

and O’Flaherty 2015; Selvam et al., 2020).

Endogenously, ROS are primarily produced as by-products of ATP synthesis in the 

mitochondrial electron transport chain. During normal metabolic activities, these ROS are 

neutralized by cellular antioxidant systems, such as the glutathione reduction pathway, which helps 

maintain a balance. However, under conditions where there is a rapid increase in ATP production, 

the generation of ROS can exceed the neutralizing capacity of the cell’s antioxidant systems, 

leading to an accumulation of oxidative stress. This is particularly detrimental within the 

mitochondria, where excessive ROS can lead to mitochondrial dysfunction, further exacerbating 

oxidative stress and reducing ATP production. Since sperm motility is heavily dependent on ATP 

produced by mitochondria, any impairment in mitochondrial function can significantly reduce 

sperm motility, leading to compromised fertilization capability (Aitken et al., 2016; Bulkeley et 

al., 2021).

Furthermore, mitochondrial damage is not only caused by an imbalance in ROS production 

but also by an excessive influx of calcium into the mitochondria. This disrupts the electron 

transport chain, leading to further ROS production and intensifying oxidative stress within the cell. 
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While temporary boosts in motility can be achieved by adding substrates like glucose and fatty 

acids, which supply additional fuel for ATP production, prolonged ATP overproduction without 

adequate ROS management can worsen oxidative stress, ultimately leading to diminished sperm 

motility and viability (Zhu et al., 2019; Islam et al., 2021).

Exogenous factors, such as environmental stressors or pathological conditions, can also 

induce oxidative stress in sperm cells. For instance, ROS produced by leukocytes-immune cells 

that are activated in response to bacterial infections in semen-are intended to eliminate pathogens 

but can inadvertently damage sperm cells in the process. This leukocyte-derived ROS can oxidize 

sperm components, leading to reduced motility and viability, thus impairing fertilization potential 

(Agarwal and Said 2005; Agarwal et al., 2014a; Fraczek et al., 2016).

Cryopreservation, a common practice in reproductive technologies for preserving sperm, 

also poses a significant risk of oxidative stress. The process involves rapid changes in osmotic 

pressure and temperature, which can generate ROS both within and outside of sperm cells. These 

ROS can lead to the oxidation of sperm lipids and proteins, resulting in structural and functional 

damage. The process of freezing and thawing can cause organelle damage, particularly in the 

mitochondria, leading to the release of ROS into the cytoplasm, which exacerbates lipid 

peroxidation and further impairs sperm motility, viability, and overall function (Morris et al., 2012; 

Pini et al., 2018; Chatterjee and Gagnon 2001; Chatterjee et al., 2001).

To combat oxidative stress, the body relies on antioxidants that are naturally present in 

seminal plasma. These antioxidants are crucial in neutralizing free radicals and protecting sperm 

from oxidative damage. However, in the context of frozen-thawed semen, the antioxidant defense 

may be compromised due to the dilution of semen or the removal of seminal plasma during the 
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cryopreservation process. This reduction in antioxidant activity necessitates the addition of 

exogenous antioxidants to counteract the increased oxidative stress (Lewis et al., 1997; Bansal and 

Bilaspuri 2011; Sharma et al., 2013).

Various antioxidants can be employed to protect sperm from oxidative damage. Small 

molecule antioxidants, such as Vitamin C, Vitamin E, glutathione, ubiquinol, coenzyme Q10, 

Pyrroloquinoline quinone (PQQ), and peroxiredoxins (PRDXs), directly neutralize ROS and 

protect cellular components from oxidative damage. On the other hand, large molecule 

antioxidants, including superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and 

albumin, typically function by converting harmful ROS into less reactive molecules or by 

stabilizing free radicals to prevent oxidative damage. These antioxidants operate through different 

mechanisms, making it essential to identify which antioxidants are most effective at counteracting 

specific oxidative stresses to ensure the maintenance of sperm functionality (O’Flaherty and 

Scarlata 2022).

Given the importance of mitigating oxidative stress in sperm, this study aims to assess the 

effectiveness of various antioxidants in protecting against both endogenous and exogenous 

oxidative stress. The study will focus on using fresh bull semen samples treated with hydrogen 

peroxide (H₂O₂) and antimycin to induce oxidative stress. By evaluating the response of sperm to 

these treatments, the study seeks to identify antioxidants that can improve sperm viability, 

particularly in the context of frozen-thawed semen, where oxidative stress is a significant 

challenge. The findings from this study could have important implications for enhancing the 

quality and viability of sperm used in artificial insemination and other reproductive technologies.

 



 



Page I12 
 

Livestock Improvement Association of Japan, INC (Tokyo, Japan) kindly provided fresh 

semen from Japanese breeding bulls that were collected by an artificial vagina and diluted with 

TRIS-egg yolk extender. The fresh semen tube was placed in thermos bottles and transported to 

the laboratory within 4 hours at 4°C. The fresh semen was washed twice via centrifugation (400 × 

g, 3 min) with the HTF medium (Umehara et al., 2020). After centrifugation, the sperm pellet was 

resuspended in mHTF medium containing PQQ disodium salt (BioPQQ®; Mitsubishi Gas 

Chemical Co., Inc., Tokyo, Japan), ergothioneine (14905, Cayman, Ann Arbor, Michigan, USA) 

or Vitamin C (A5960, Sigma–Aldrich, St Louis, MO, USA), and the sperm was used for all 

analyses.  Some samples were treated with H2O2 (20779-65, Nacalai tesque, Osaka, Japan) or 

antimycin (A8674, Sigma) to examine the effects of induced ROS. The samples were incubated at 

37°C in a humidified atmosphere of 5% CO2 in air. 

Frozen bull semen was also gifted from Livestock Improvement Association of Japan, INC. 

The 0.5 ml straw of frozen semen was thawed in water at 37°C for 30 s and then immediately 

diluted with 6 ml of first thawing mHTF medium. In the first thawing medium, 1 μM PQQ, 100 

μM ergothioneine or 1000 μM Vitamin C was added to the mHTF medium. The first thawing 

medium containing frozen-thawed sperm was centrifuged at 300g (5 min, 37°C), and then the 

sperm pellet was washed twice with each medium. After centrifugation, the sperm pellet was 

resuspended in each medium and the sperm was used for all analyses. The samples were incubated 

at 37°C in a humidified atmosphere of 5% CO2 in air. 
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Sperm motility was evaluated using a computer-assisted sperm analysis (CASA), as 

described in our previous study (Islam et al., 2021). A volume of 3 μL of the sample was placed in 

a pre-warmed counting chamber for the CASA reading after incubation of sperm at different time 

intervals. Sperm tracks (0.5 s, 45 frames) were captured at 60 Hz according to our previous study 

using a CASA system (HT CASA-CerosII; Hamilton Thorne, Beverly, MA, USA). Amplitude of 

Lateral Head Displacement (ALH) refers to the measure of the side-to-side movement of the head 

of a spermatozoon during its forward progression. Straight-Line Velocity (VSL) is the average 

speed of a sperm cell along a straight line from its starting point to its ending point. Curvilinear 

Velocity (VCL) is the average speed of a sperm cell along its actual curvilinear (non-linear) path 

over a given time. The measuring unit of these kinematic parameters was μms−1. At least 200 

spermatozoa were assessed in each CASA analysis. Motile single sperm was calculated by 

multiplying motility by total concentration.

Photo-oxidation Resistant DCFH-DA is a total ROS (H2O2, superoxide anion, and 

hydroxyl radical) probe (R253, DOJINDO LABOLATORIES Co., Ltd., Kumamoto, Japan). 

According to manufacturer’s protocols, sperm was pretreated with a photo-oxidation-resistant 

DCFH-DA working solution and incubated for 30 minutes at 37°C in a humidified atmosphere of 

5% CO2 in the air. The sperm was washed twice with mHTF. After removing the supernatant, the 

sperm was mixed with mHTF containing antioxidants (PQQ, ergothioneine or Vitamin C) and/or 

inducers of oxidative stress (H2O2 or antimycin). After 0, 1, 2, 3 and 4-hours incubation, the 

samples were analyzed using a flow cytometer (Attune®NxT Acoustic Focusing Cytometer, 
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Thermo Fisher Scientific Inc., Waltham, MA, USA). Green fluorescence (DCF) was evaluated 

using a 488 nm laser and a 530/30 nm bandwidth filter. Data were expressed as the percentage of 

fluorescent-positive sperm. The cutoff values were set using the unstained sample. The gating 

strategy is shown in Fig. 1. The localization of fluorescence in sperm was determined using an 

APX100 Digital Imaging System (EVIDENT Co., Ltd., Tokyo, Japan).

The generation of mitochondrial superoxide anion was investigated according to 

MitoSOX™ deep Red Assay Kit (MT-14, DOJINDO LABORATORIES). The sperm was 

pretreated with MitoSOX™ deep red working solution, incubated at 37°c for 30 minutes, and 

washed twice with mHTF. After removing the supernatant, the sperm was mixed with mHTF 

containing antioxidants (PQQ, ergothioneine or Vitamin C) and/or inducers of oxidative stress 

(H2O2 or antimycin). The samples were analyzed using the flow cytometer after 0, 1, 2, 3 and 4-

hours incubation. The fluorescence was evaluated using a 638 nm laser and a 570/14 nm bandwidth 

filter. Data were expressed as the percentage of fluorescent-positive sperm. The cutoff values were 

set using the unstained sample. The gating strategy is shown in Fig. 1. The localization of 

fluorescence in sperm was determined using a Nikon AX confocal microscope (Nikon Solutions 

Co., Ltd., Tokyo, Japan).

Mitochondrial activity of sperm was measured using a MitoPT® JC-1 Assay Kit (911, 

Immuno Chemistry Technologies, LLC, Bloomington, MN, USA) according to our previous study. 

Briefly, sperm were incubated with 200 μL of working solution containing 5,5’,6,6’-tetrachloro-

1,1’,3,3’-tetraethylbenzimidazolyl carbocyanine iodide (JC-1) dye at 37 °C for 30 min in the dark. 
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The sperm suspension was centrifuged and washed twice with the mHTF medium. After washing, 

the sperm pellet was resuspended in the mHTF medium and analyzed with the flow cytometer 

using a 488 nm laser and filters with a bandwidth of 530/30 and 574/26 nm. Data were expressed 

as the percentage of fluorescent-positive sperm. The gating strategy is shown in Fig. 1. A total of 

50,000 sperm events were analyzed. 

Sperm was mounted on glass slides, air-dried, fixed with 4% paraformaldehyde for 30 min 

and then permeabilized with 0.3% (v/v) Triton X-100 with PBS for 30 min at room temperature. 

After washing with PBS, the samples were incubated with the blocking solution from MOM Kit 

(MKB-2213, Vector Laboratories, Newark, CA, USA) at 25 ℃ for 30 min to block nonspecific 

sites. The samples were then incubated at 4 ℃ overnight with primary rabbit antibodies: anti-4 

hydroxynonenal antibody (4-HNE; 1:100; ab48506; Abcam, Cambridge, UK). After washing with 

PBS, the antigens were visualized using Cy3-conjugated sheep anti-mouse IgG (1:100; C2181, 

Sigma). Digital images were captured using an APX100 Digital Imaging System.

In the fresh semen study, at least three animals were used, and experiments were replicated 

at least three times in each group. In the frozen semen study, five animals were used. Quantitative 

data were presented as means ± SEM. Percentage data were subjected to arcsine transformation 

before statistical analysis. Motile single sperm data were analyzed in a paired t-test with p-value 

correction using the Bonferroni method for multiple tests. Differences between groups were 

assessed by one-way analysis of variance (ANOVA). When ANOVA was significant, differences 

among values were analyzed by Tukey's Honest Significant Difference test for multiple 
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comparisons. Dunnett's test was used to analyze the ROS inducer/antioxidant combination 

experiment (Figure 5) and the frozen sperm experiment (Figure 6). Comparison controls were 

listed in the figure captions. R (version 4.3.1) was used for statistical analysis. A value of p<0.05 

was defined as a significant difference. 

Figure 1: Gating strategy of flow cytometry. (A) Gating strategy for the selection of single sperm. 

Using forward scatter (FSC)-A and side scatter (SSC)-A dot plots, cells of similar size and 

complexity were first selected (R1). In FSC-A and FSC-H dot plots and FSC-A and FSC-W dot 

plots, similar-size cells were accumulated near the area; thus, using these plots, again similar-size 

cells were selected (R2, R3). The cells in R3 were used for the below analysis. (B) Histograms of 

DCFH-DA staining. (C) Histograms of mtSOX deep red staining. (D) The dot plots of 5,5’,6,6’-

tetrachloro-1,1’,3,3’-tetraethylbenzimidazolyl carbocyanine iodide (JC-1) green (x-axis) and red 

(y-axis). The percentage of JC-1 red-positive sperm (R5) was used for the analysis.
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The number of motile single sperm and ALH (μm) were significantly decreased from 0 to 

4 hours of incubation periods (Fig.2A, B). The VCL (μm/sec) did not differ from 0 to 4 hours of 

incubation periods (Fig.2B). However, in VSL (μm/sec) highly significant differences was found 

from 0 to 4 hours of incubation periods (Fig.2B). The ROS level was measured in the cytoplasm 

and mitochondria of fresh by using two different probes (DCFH-DA and mtSOX deep red). The 

total ROS level was significantly increased in a time-dependent manner in fresh sperm from 0 to 

4 hours of incubation periods (Fig.2C). On the other hand, mitochondrial ROS levels rose sharply 

up to 1 hour of incubation and remained significantly higher levels for up to 4 hours. Therefore, it 

was shown that both total ROS levels and mitochondrial ROS levels increased in different patterns 

by incubation, and viability was greatly reduced by incubation; however, the relationship among 

them has been uncleared.
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 (A) Tracks of sperm incubated at 0 and 4 hours were 

determined using the CASA system. Red arrows indicate the aggregated sperm, which is the cause 
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of overestimating CASA parameters because it lowers the number of dead sperm. (B) Changes in 

fresh sperm motile single counts implying sperm viability and in kinetics patterns with incubation 

time. (C, D) Time-dependent changes in total ROS in the cytoplasm or mitochondrial superoxide 

level of fresh bull sperm detected by DCFH-DA or mtSOX deep Red, respectively. Flow cytometry 

patterns and percentage of positive sperm were shown. Different letters represent significantly 

different groups (p < 0.05).

 

To elucidate the relationship between the three factors that were unknown in the above 

experiments, bull fresh sperm was treated with either two different oxidative stress inducers, 

hydrogen peroxide or antimycin (Fig.3A). After one hour of incubation, the sperm motility and 

ROS levels by using DCFH-DA and mtSOX Deep probe were examined. Percent of positive sperm 

stained by DCFH-DA (total ROS positive) differed significantly by the treatment of more than 50 

μM of H2O2 from control group (Fig.3B-D). However, the motile single sperm percentage was 

significantly reduced by more than 10 μM H2O2 treatment (Fig.3E). On the other hand, the motion 

speeds (VSL and VCL) were significantly reduced at concentrations of 50 μM or more (Fig.3E). 

The percentage of mtSOX Deep Red positive sperm was significantly increased by the treatment 

with antimycin in a dose-dependent manner (Fig.3F, G). Although the motile single sperm ration 

was slightly decreased by the treatment, the VCL (μm/sec) and VSL (μm/sec) were significantly 

reduced in a dose-dependent manner (Fig.3H). In other words, the viability of sperm was 

sensitively reduced by hydrogen peroxide treatment, while the motility rate of sperm was reduced 

by the increase in endogenous ROS in the mitochondria in fresh bull sperm. 
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(A) Experimental design to investigate the effect of the oxidative stress 

inducers on fresh bull sperm. (B) Representative images of the sperm fluorescence signal with 

DCFH-DA and mtSOX deep Red. Left: DCFH-DA fluorescence image of sperm treated with 

H2O2. Right: mtSOX deep red fluorescence image of sperm treated with antimycin. (C) Flow 

cytometry patterns of DCFH-DA. (D) Percentages of DCFH-DA positive sperm. (E) Sperm 

kinetics changed by H2O2. (F) Flow cytometry patterns of mtSOX deep Red. (G) Percentages of 

mtSOX deep Red positive sperm. (H) Sperm kinetics changed by antimycin Different letters 

represent significantly different groups (p < 0.05).

 

The effects of antioxidant factors, PQQ, ergothioneine and Vitamin C on extracellular 

oxidative stress stimulation (H2O2) and mitochondrial oxidative stress were investigated using 

fresh bull sperm (Fig.4A). The percentage of sperm with an increase in total ROS by H2O2 

treatment did not change significantly with PQQ, but a significant dose-dependent decrease was 

observed with ergothioneine and Vitamin C (Fig.4.B, C).  PQQ and vitamin C dramatically reduced 

the percentage of mtSOX Deep Red positive sperm (ROS generated in mitochondria by antimycin 

treatment) in a dose-dependent manner (Fig.4D, E). On the other hand, there was no dose-

dependent change in ergothioneine (Fig.4D, E). 
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 (A) Experimental design to investigate the effect of 

three antioxidants on induced reactive oxygen species in fresh bull sperm. (B) Flow cytometry 

patterns of H2O2 and antioxidant-treated sperm stained with DCFH-DA. (C) Percentages of 

DCFH-DA positive sperm. (D) Flow cytometry patterns of antimycin and antioxidant-treated 

sperm stained with mtSOX deep Red. (E) Percentages of mtSOX deep Red positive sperm. 

Different letters represent significantly different groups (p < 0.05).

The negative effect of H2O2 on sperm motility was not improved by PQQ or ergothioneine, 

and significant improvement was observed only with Vitamin C (Fig.5B). However, ergothioneine, 

like Vitamin C, significantly increased the motility rate of sperm suppressed by H2O2 (Fig.5B). On 

the other hand, the negative effect of antimycin on sperm motility was improved by any antioxidant 

factors (Fig.5B). However, none of the antioxidant factors affected the effect of antimycin on 

exercise speed of sperm (Fig.5C). Interestingly, H2O2 treatment not only increased the percentage 

of total ROS-positive sperm, but also increased the percentage of the mitochondrial ROS positive 

sperm (Fig.5D, E). Ergothioneine and Vitamin C significantly reduced the percentage of total 

ROS-positive cells, while the mitochondrial ROS-positive sperm was significantly reduced by all 

of antioxidant factors (Fig.5D, E). The effect of antimycin significantly increased not only the 

percentage of ROS-positive sperm in the mitochondria but also the percentage of total ROS-

positive sperm, and total ROS-positive sperm was significantly reduced by all of antioxidant 

factors (Fig.5F, G). In measuring mitochondrial membrane potential using JC-1, H2O2 did not 
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affect the high mitochondrial membrane potential (hMMP; Fig.5H, I). On the other hand, 

antimycin significantly reduced the percentage of spermatozoa with hMMPs, but they were 

rescued by all antioxidant factors (Fig.5J).
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(A) 

Experimental design to examine the impact of various antioxidants on sperm motility and levels 

of reactive oxygen species (ROS) under the two oxidative stress inducers. (B, C) Changes in sperm 

viability and motility under the H2O2 (B) or the antimycin (C). (D-G) Effect of antioxidants on the 

percentages of DCFH-DA and mtSOX deep Red positive sperm under the H2O2 or the antimycin. 

(H-J) Measurement of mitochondrial activity using JC-1 kit. (H) Representative flow cytometry 

pattern of Ctrl sperm stained with JC-1. Effect of antioxidants on the percentages of high 

mitochondrial membrane potential (hMMP) under the treatment of H2O2 (I) and antimycin (J). 

H2O2 or antimycin groups were used as the control for statistical analysis (p < 0.05). 

The effects of PQQ which had the characteristic of reducing ROS generated in 

mitochondria, Vitamin C which reduced both total ROS and ROS in mitochondria and 

ergothioneine which reduced total level of ROS generated by H2O2 on frozen-thawed bull sperm 
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were examined (Fig. 6A). The percentage of total ROS-positive sperm was significantly reduced 

by Vitamin C and ergothioneine, although PQQ did not decrease it (Fig.6B). On the other hand, 

mitochondrial ROS-positive sperm was significantly reduced by any antioxidant factors (Fig.6C). 

Thus, when frozen-thawed sperm was incubated, the oxidative stress was elevated in both 

cytoplasm and mitochondria. When both or either inductions were suppressed by PQQ, Vitamin C 

or ergothioneine, sperm motility was significantly increased by all of antioxidants (Fig.6D). In 

addition, a significant increase in total mobility speed (VCL) was observed, suggesting that the 

increase in reactive oxygen species due to both the mitochondrial abnormalities and the thawing 

process in frozen-thawed sperm caused a decrease in sperm motility and mobility speed (Fig.6D).
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 (A) Experimental design to examine the impact of PQQ, Vitamin C and ergothioneine on 

frozen-thawed bull sperm motility and ROS levels. Various antioxidants are included in all 
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thawing, washing and incubation processes using HTF medium as the basic medium. (B, C) Effect 

of antioxidants on the percentages of DCFH-DA (B) and mtSOX deep Red (C) positive sperm. (D) 

Changes in frozen-thawed sperm viability and kinetics patterns with antioxidants. Asterisks 

represent significant differences from the control (Ctrl; ✻: p < 0.05, ✻✻: p < 0.01, ✻✻✻: p < 

0.001).

Localization of oxidized lipids was detected by immunostaining using anti-4-HNE 

antibodies. As a result, positive 4-HNE signals were strongly detected not only in the middle piece 

by antimycine treatment, but also in the sperm head. These positive signals were attenuated by any 

antioxidant factors. Similarly, the positive signals of 4-HNE were detected in the sperm head and 

midpiece by H2O2 treatment. The 4-HNE positive signals were not abated by PQQ but were 

suppressed by ergothioneine and Vitamin C (Fig.7A). These results showed the same trend as the 

results of detecting ROS-positive sperm. Furthermore, because of experiments with frozen-thawed 

sperm, strong signals were detected in the midpiece, which were reduced by PQQ and Vitamin C, 

and these were also the same as in the detection experiment of ROS-positive sperm (Fig.7B).
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(A, B) 

Representative images of the sperm fluorescence signal with 4-HNE. (A) The ROS 

inducer/antioxidant combination experiment in fresh sperm. (B)  The effect of various antioxidants 

on frozen-thawed sperm. The scale bar represents 20 μm. (C) This graphical image shows the ROS 

production cascade in sperm beginning at the mitochondria. It also shows the site of action of the 

antioxidants used in this experiment.
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The findings of this study indicate that oxidative stress significantly inhibits sperm 

function, affecting both the cytoplasm and mitochondria. It was observed that sperm viability 

decreased sharply due to oxidative stress caused primarily by H₂O₂ originating outside the cell, 

rather than by mitochondrial sources. However, elevated levels of ROS within the mitochondria 

also contributed to reduced sperm viability. Mitochondrial dysfunction may result in the release of 

substantial amounts of cytochrome C and calcium, which could negatively impact sperm survival. 

Additionally, oxidative stress within the mitochondria was found to decrease sperm motility even 

at levels that did not significantly affect overall sperm viability.

In experiments investigating lipid oxidation, strong oxidative signals were detected in the 

sperm head region following antimycin treatment, aligning with previous studies that link the 

integrity of the acrosome cap to sperm survival (Nagy et al., 2004; Fayyaz et al., 2017; Guidobaldi 

et al., 2017; Islam et al., 2023). A decline in sperm motility has been reported to result from the 

oxidation of mitochondrial DNA, mitochondrial transcription factors, and mitochondrial RNA 

polymerase (Amaral et al., 2007; Zhu et al., 2019). In this study, a decrease in sperm motility was 

observed at concentrations of antimycin that did not significantly reduce sperm viability, 

suggesting that the mechanism behind this effect could be the reduction in mitochondrial ATP 

synthesis capacity. In essence, the study demonstrated that oxidative stress from external sources 

rapidly diminishes sperm viability, while oxidative stress within the mitochondria impairs sperm 

motility and further reduces sperm survival under severe stress conditions.

The study also detected strong signals of lipid oxidation in the midpiece region of frozen-

thawed sperm, which were mitigated by the antioxidants PQQ and Vitamin C. This finding 
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suggests that excessive oxidative stress, mainly driven by mitochondrial dysfunction, significantly 

compromises the viability of frozen-thawed sperm. Numerous studies have reported abnormal 

mitochondrial membrane potentials in frozen-thawed spermatozoa, as well as structural 

abnormalities in mitochondria observed through electron microscopy (Khalil et al., 2018). The 

functional and structural disruptions of mitochondria caused by the freezing and thawing processes 

are thought to exacerbate oxidative stress. Conversely, ergothioneine was found to improve the 

viability of frozen-thawed sperm and counteract the decrease in sperm viability induced by 

oxidative stress in the cytoplasm and cell membrane caused by H₂O₂ treatment. This suggests that 

the rapid increase in temperature and osmotic pressure during the thawing process is a significant 

factor contributing to the reduced viability of frozen-thawed sperm. Various studies have 

documented abnormalities in the sperm cell membrane of frozen-thawed spermatozoa using cell 

membrane normality tests with fluorescent staining reagents, which typically cannot pass through 

intact cell membranes (Peña et al., 2003; Partyka et al., 2010). In summary, in frozen-thawed 

sperm, both oxidative stress in the cell membrane during the thawing process and excessive ROS 

production due to mitochondrial damage during incubation can significantly decrease sperm 

viability.

PQQ has been reported to directly affect mitochondria by crossing cell membranes to 

maintain mitochondrial function (Zhu et al., 2006; Rucker et al., 2000; Hoque et al., 2021). Indeed, 

studies have shown that PQQ not only enhances the stability of mitochondrial DNA in boar sperm 

but also promotes sustained ATP synthesis by improving gene expression from mitochondrial 

DNA, thereby maintaining increased motility for extended periods (Zhu et al., 2019). 

Vitamin C, a water-soluble antioxidant, penetrates cell membranes and exhibits ROS-

scavenging abilities in both the cytoplasm and mitochondria (Sönmez et al., 2005; Hu et al., 2010). 
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Similarly, MitoQ and CoQ10 are antioxidants that are expected to act on mitochondria, and 

although their specific effects have not been fully analyzed, they have been reported to have 

positive effects on sperm function (Zhu et al., 2019; Arjun et al., 2022).

Ergothioneine, despite being a water-soluble antioxidant, exerts its effects not only outside 

the cell but also within the cell by crossing the blood-brain barrier and being taken up via the 

transporter OCTN1. It has been reported that OCTN1 is expressed in human spermatozoa, 

although its exact localization within the cell has not been fully analyzed (Xuan et al., 2003). In 

this study, while ergothioneine could not completely counteract the effects of ROS on 

mitochondrial membrane potential caused by antimycin, it did improve sperm survivability. This 

suggests that ergothioneine was absorbed into the sperm cytoplasm in bull sperm but may not have 

efficiently penetrated the mitochondria, instead exerting its antioxidant effects in the cytoplasm.

Antioxidant factors play a critical role in maintaining sperm motility and protecting sperm 

quality during handling, as well as in enhancing sperm motility after the freezing and thawing 

processes. However, when adding antioxidant factors, it is crucial to consider whether these 

compounds are taken up by the sperm. For instance, membrane-impermeable antioxidants such as 

glutathione have been reported to improve sperm motility, but their direct effect on sperm function 

is unlikely (Sławeta and Laskowska 1987; Chatterjee et al., 2001; Ansari et al., 2012). Another 

important consideration is the stability of antioxidant factors. CoQ10, for example, is known to be 

easily oxidized in solution, and Vitamin C also readily oxidizes in solution, which diminishes its 

antioxidant functions. Simplicity is essential in reproductive techniques for animal production, 

such as artificial insemination, but antioxidant factors may need to be mixed immediately before 

use to ensure their stability. This stability should be verified alongside cell membrane permeability.
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In conclusion, to prevent the qualitative deterioration of sperm in bulls, it is essential to 

carefully select and combine appropriate antioxidant factors according to the specific oxidative 

stress encountered in different compartments of the sperm. The results of this study offer valuable 

insights into the use of antioxidants in the preparation of semen for artificial insemination, 

highlighting the importance of targeted antioxidant strategies to preserve sperm viability and 

functionality.
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Oxidative stress has negative impacts on sperm fertilization capacity by impairing sperm 

motility and reducing sperm viability. Moreover, damage or fragmented sperm DNA can result in 

early embryonic arrest, abnormal cell division, and impaired developmental competence. 

Oxidative stress in sperm cells can result from infections, genital tract inflammation, animal aging, 

high environmental temperatures, and assisted reproductive technologies like sperm 

cryopreservation and sperm sexing.

The optimal thermal comfort range for most animals is 4-25°C. Temperatures above 25°C 

cause heat stress, disrupting homeostasis (Hanse, 2004; Marai and Haeeb, 2010). With global 

temperatures projected to rise by 1-7°C by the end of the century, heat stress poses a global threat 

to livestock production efficiency, impacting both tropical and temperate regions (Baumgard and 

Rhoads, 2013; Knight and Harrison, 2012; New et al., 2011; Renaudeau et al., 2012; Takahashi, 

2012; Das et al., 2016; Hansen, 2009). 

Bulls possess natural defense systems comprising antioxidants that scavenge and neutralize 

ROS. However, during spermatogenesis, sperm cells shed most of their cytoplasmic contents, 

resulting in a significantly reduced intracellular antioxidant capacity. Consequently, sperm 

protection against ROS primarily relies on the antioxidant capacity of seminal plasma. However, 

heat stress diminishes accessory gland secretions, lowering ejaculate volume (Suhair and Abdalla, 

2013), and alters seminal plasma composition, including reduced testosterone (Chella et al., 2017; 

Moura et al., 2019) and changed electrolyte and protein levels (Rahman et al., 2018). Therefore, 

heat stress particularly affects spermatogenic precursor cells (Phillips and McKenzie, 1934), 

impairs testicular blood flow, and reduces delivery of oxygen and nutrients, leading to poor 
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spermatogenesis, damage mature sperm in epididymis (Jones and Dacheux, 2007), alters sperm 

morphology (Dada et al., 2003; Hansen, 2009; Zhang et al., 2015),  reduced fertility (Rizzoto and 

Kastelic, 2020), lowers conception rates, impairs embryo development (De Rensis and 

Scaramuzzi, 2003; Marai et al., 2002; Yaeram et al., 2006). 

Heat stress affects sperm by triggering endoplasmic reticulum stress (Kim et al., 2016), 

increasing lipid peroxidation, and elevating heat shock protein expression (Ananthan et al., 1986; 

Mujahid et al., 2007; Tan et al., 2010). Heat stress also accelerates iron release from ferritin, 

forming superoxide anions and hydrogen peroxide, which lead to oxidative chain reactions 

(Freeman et al., 1990; Powers et al., 1992). Superoxide, a precursor to most reactive oxygen 

species (ROS), is produced by NADPH oxidase during NADPH to NADP+ conversion (Segal and 

Abo, 1993). Heat stress activates NADPH oxidase, increasing the NADP+/NADPH ratio (Moon 

et al., 2010). Mitochondrial ATP synthesis is impaired due to electron transport chain dysfunction, 

increasing ROS in the liver (Yang et al., 2010) and skeletal muscle (Mujahid et al., 2009). Heat 

stress also upregulates heme oxygenase 1 and antioxidant enzymes like glutathione peroxidase 1 

(Tyler, 2002; Shahat et al., 2020). 

To counteract the adverse effects of heat stress during spermatogenesis and maturation, 

supplementing an antioxidant-enriched diet can be an effective strategy to enhance natural defense 

mechanisms against oxidative stress as because this study unveils that antioxidant such as Vitamin 

C, PQQ and Ergothioneine can neutralize reactive oxygen species (ROS), protecting sperm cells 

from endogenous and exogenous oxidative damage. In addition to antioxidants, supplementing 

fatty acids, particularly docosahexaenoic acid (DHA, C22:6 ω3), is crucial for overall sperm 

health. Animals lack the desaturases and elongases needed to synthesize essential fatty acids, 

making dietary supplementation necessary (Aitken et al., 2006). DHA is a major long-chain 
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polyunsaturated fatty acid (PUFA) found in the phospholipids of mammalian spermatozoa (Poulos 

et al., 1986). It is vital for maintaining sperm membrane integrity, fluidity, and viability (Robinson 

et al., 2016). Adequate DHA levels ensure the structural and functional integrity of sperm 

membranes, supporting sperm motility and fertility. Thus, combining an antioxidant-enriched diet 

with DHA supplementation can effectively mitigate the oxidative stress induced by heat, 

enhancing sperm quality and fertility in heat-stressed animals.

Sperm sexing, particularly in cattle, is used to enhance production and reproductive 

outcomes by enabling the selection of desired offspring sex (O'Brien et al., 2009). Flow cytometry 

is a common method for sperm sexing, especially in bovines (Garner and Seidel, 2008). However, 

this technique induces molecular changes such as increased reactive oxygen species (Tvrda et al., 

2016), heightened membrane permeability, and reduced intracellular ATP levels, which negatively 

impact sperm motility, viability, and longevity (Carvalho et al., 2010; Holden et al., 2017). The 

sperm chromatin structure assay shows that sex-sorted bovine sperm have more DNA damage and 

lower chromatin homogeneity compared to conventionally sorted sperm (Boe-Hansen et al., 2005). 

Ram sperm exhibit reduced progressive motility and increased capacitation post-sorting

(Hollinshead et al., 2003). Additionally, sorted bull and ram sperm show higher acrosome reaction 

rates after thawing (Hollinshead et al., 2003; Moce et al., 2006). In vitro studies reveal that sexing 

impairs cattle sperm binding to tubal explants, affecting gamete-maternal interactions (de Oliveira 

Carvalho et al., 2018). Therefore, based on the result from this study, it can be stated that the 

addition of antioxidant (PQQ, Vitamin C, and Ergothioneine) before or after sorting can enhance 

sperm sexing technology by reducing the oxidative stress, which may improve sperm viability, 

and motility. After all, may increase success rates in artificial insemination.
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Sperm treatment in assisted reproductive technology (ART) increases oxidative stress. 

Cryopreservation, a key ART for livestock breeding, is vital for preserving male fertility in 

mammals (Anger et al., 2003). During cryopreservation, mitochondria suffer direct DNA damage 

and indirect damage due to loss of genetic coding capacity affecting mitochondrial function 

(Kurland and Andersson, 2000). Freeze-thaw cycles deplete natural antioxidants in bovine semen 

(Bilodeau et al., 2000) and significantly elevate reactive oxygen species (ROS) levels (Peris et al., 

2007), reducing sperm motility. Studies with frozen-thawed semen show lower conception rates 

(Bhosrekar et al., 2001). Moreover, the results of this study also reveal that the thawing of frozen 

semen generates reactive oxygen species (ROS) in both sperm cytoplasm and mitochondria. 

Cytoplasmic ROS, originating from enzymes and the plasma membrane, acts as signaling 

molecules in processes like capacitation and acrosome reaction but cause oxidative damage at high 

levels. Mitochondrial ROS, produced by the electron transport chain and specific enzymes, 

regulate mitochondrial function; excessive levels impair ATP production, reduce sperm motility, 

and may lead to apoptosis. 

Furthermore, Artificial Insemination (AI) is a key assisted reproductive technology that has 

transformed livestock farming, enhancing cattle production and genetic progress through high-

quality frozen sperm (Yanez‐Ortiz et al., 2021; Medeiros et al., 2002). Therefore, adding 

antioxidants such as PQQ, Vitamin C, and Ergothioneine to the thawing medium is crucial for 

protecting sperm from oxidative stress. These antioxidants work by neutralizing reactive oxygen 

species (ROS) that can damage sperm cells during the thawing process. Conversely, by 

incorporating these antioxidants in optimized concentrations and combinations, alongside 

standardized thawing protocols, the risk of oxidative damage will be minimized. Therefore, this 
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approach will significantly enhance sperm viability and function, leading to improved quality and 

fertility outcomes after thawing.

The average motility in the frozen thawed control group was found 54.4% whereas in the 

antioxidant treated group was 73.77%. Therefore, the results of this study also show that 

antioxidant-enriched thawing media can improve freeze-thawed sperm motility by about 20% 

compared to controls, likely by protecting fatty acid components of sperm cell membranes from 

free radical damage. This will allow for a potential reduction of 20% in sperm concentration for 

artificial insemination (AI). If 0.5 ml straw contains 25 million sperm then, therefore, based on the 

result from this study, 5 million sperm can be reduced per straw. Also, if consider, the average 

volume of semen per ejaculation is about 8.0 ml and the concentration is 1.5 billion per ml. Then 

the sperm in the ejaculate will be 12.0 billion per ml and the number of the straw will be 600 

compared to 480 straws when the sperm concentration was 25 million per straw. Consequently, 

lowering the sperm concentration enables the production of an additional 120 frozen straws from 

a single bull ejaculation. If consider the value of each straw is about 50 dollars, potentially 

increasing its economic value about six thousand dollars. Although, the price of semen straws 

varies based on factors such as breed, demand, supply, and geographic location.

However, findings of this study suggest that using antioxidants in thawing media can 

enhance AI success rates in livestock by improving frozen sperm quality and this approach can 

reduce the need for repeated inseminations, saving on semen doses, labor, and veterinary services. 

Improved sperm quality supports sustainable livestock farming by maximizing output per breeding 

cycle. Addressing ROS effects with antioxidants will enhance reproductive success, cost-

efficiency, and sustainability, contributing to a more productive and resilient livestock sector. The 

FAO predicts that global meat and milk production must double by 2050 to meet growing demands 
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due to population increases, rising incomes, and urbanization (Thornton, 2010). This "livestock 

revolution" offers both opportunities and challenges, transforming the sector into a more organized 

industry with extensive market chains. Livestock support over 1.3 billion people worldwide, 

including 600 million smallholder farmers in developing countries (Thornton, 2010). They are 

vital to livelihoods across diverse climates (Salem, 2010; Silanikove et al., 2010) and contribute 

to 58% of the Sustainable Development Goals and impacts 16% of their targets (Mehrabi et al., 

2020).

However, in vitro studies shed light on the impact of antioxidants on sperm quality. 

Moreover, conducting field studies through AI of cows will provide important data for determining 

the most effective antioxidant treatment.
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Maintaining the quality of bull sperm, particularly in the context of artificial insemination 

and other reproductive technologies, requires a strategic and well-informed approach to managing 

oxidative stress. Sperm cells are highly sensitive to oxidative damage, which can arise from 

various sources, including environmental factors, metabolic processes within the cell, and 

procedures like cryopreservation. Oxidative stress can impair critical functions of sperm, such as 

motility, viability, and the ability to fertilize an egg, by damaging key cellular components like the 

plasma membrane, mitochondria, and DNA.

To effectively counteract oxidative stress and preserve sperm quality, it is essential to use 

a combination of antioxidants that are specifically tailored to address the oxidative challenges 

present in different compartments of the sperm. Each compartment-the cytoplasm, mitochondria, 

and plasma membrane-faces distinct oxidative threats, and not all antioxidants are equally effective 

in every cellular environment. For example, some antioxidants are more efficient at neutralizing 

ROS within the mitochondria, where energy production occurs, while others are better suited to 

protecting the plasma membrane or cytoplasm from oxidative damage.

The findings of this study emphasize the importance of selecting the appropriate 

antioxidants based on their ability to target specific sites of oxidative stress within the sperm. By 

understanding how different antioxidants interact with various sperm compartments, reproductive 

specialists can optimize the preparation of semen for artificial insemination, ensuring that sperm 

quality is maintained throughout the process. This is particularly important when dealing with 

frozen-thawed sperm, which is more vulnerable to oxidative stress due to the physical and 

chemical changes that occur during freezing and thawing.
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Incorporating the right combination of antioxidants can significantly improve sperm 

viability, motility, and overall functionality, thereby enhancing the chances of successful 

fertilization. These insights provide valuable guidance for developing antioxidant strategies in 

semen preparation, helping to safeguard the reproductive potential of bull sperm and improve 

outcomes in animal breeding programs. As research continues to explore the specific mechanisms 

by which antioxidants protect sperm, the application of these findings will become increasingly 

refined, leading to more effective and reliable methods for preserving sperm quality in artificial 

insemination and other reproductive technologies.
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The process of mammalian fertilization involves the migration of sperm through the female 

reproductive tract, where they must travel from the uterus to the oviduct, ultimately reaching the 

ampullary-isthmic junction, the site of fertilization. This journey is complex and requires sperm to 

maintain a linear motility pattern, which is critical for successful fertilization. For sperm to sustain 

this motility, they require a continuous and sufficient supply of energy, which is primarily 

generated through mitochondrial ATP production.

However, the quality of sperm can significantly deteriorate during cryopreservation, a 

common method used for sperm storage in artificial insemination. Cryopreservation exposes 

sperm to stressful conditions that lead to the excessive production of reactive oxygen species 

(ROS). These ROS are highly reactive molecules that can cause oxidative damage to various 

cellular components, including lipids, proteins, and DNA. Elevated levels of ROS during 

cryopreservation compromise sperm membrane integrity, acrosomal integrity (which is essential 

for fertilization), and mitochondrial function, all of which are critical for maintaining sperm 

motility and overall fertility.

Oxidative stress, caused by both internal (endogenous) and external (exogenous) factors, 

plays a central role in this deterioration. It damages essential components of sperm cells, such as 

the plasma membrane, mitochondria, and acrosome, leading to reduced metabolic activity and, 

ultimately, diminished fertility. Given the importance of preserving sperm quality for reproductive 

success, this study aimed to investigate the specific effects of oxidative stress on bull sperm and 

to evaluate the efficacy of targeted antioxidants in mitigating these harmful effects.
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In the study, fresh bull semen samples were subjected to treatments with hydrogen peroxide 

(H2O2) and antimycin, both of which are known to induce oxidative stress. H2O2 primarily acts as 

an external source of oxidative stress, while antimycin disrupts mitochondrial function, leading to 

increased production of mitochondrial ROS. The antioxidants Pyrroloquinoline quinone (PQQ), 

ergothioneine, and vitamin C were then applied to assess their ability to counteract the induced 

oxidative stress.

To evaluate the impact of these treatments, various parameters of sperm health were 

measured, including sperm motility, viability, and ROS levels in both the cytoplasm and 

mitochondria. Advanced techniques such as computer-assisted sperm analysis (CASA) and flow 

cytometry were used to provide precise measurements of these parameters. The results revealed 

that H2O2 rapidly decreased sperm viability, indicating that external oxidative stress is particularly 

detrimental to sperm survival. On the other hand, antimycin-induced mitochondrial ROS primarily 

affected sperm motility, underscoring the critical role of mitochondria in sustaining sperm 

movement.

Among the antioxidants tested, PQQ and vitamin C were found to be particularly effective 

in reducing mitochondrial ROS, while ergothioneine and vitamin C were more successful in 

reducing cytosolic ROS. This suggests that different antioxidants may be better suited for targeting 

specific sources of oxidative stress within the sperm cell. In the context of freeze-thawed sperm, 

which are more susceptible to oxidative damage due to the physical stresses of freezing and 

thawing, all three antioxidants showed a positive effect by improving sperm motility and inhibiting 

ROS production.
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Additionally, the study employed immunofluorescence techniques to detect the localization 

of oxidized lipids, such as 4-hydroxynonenal, within the sperm. This analysis revealed that 

oxidative stress impacts not only the mid-piece of the sperm, where mitochondria are concentrated, 

but also the sperm head, which is crucial for successful fertilization.

These findings highlight the significant potential of targeted antioxidants in mitigating the 

harmful effects of oxidative stress on bull sperm. By incorporating antioxidants into semen 

preparation and insemination media, it may be possible to reduce the negative impact of oxidative 

stress, thereby enhancing sperm motility within the female reproductive tract and increasing the 

likelihood of successful fertilization.

Furthermore, the application of these findings to the thawing process of frozen sperm 

represents a promising approach to improve conception rates in livestock. By optimizing the use 

of antioxidants, the overall production of livestock could be enhanced, which would have 

significant economic benefits. Increased livestock production can contribute to poverty reduction, 

boost income for farmers, and support the achievement of the United Nations Sustainable 

Development Goals (SDGs), particularly those related to ending hunger, promoting economic 

growth, and ensuring sustainable agriculture.

In conclusion, this study provides valuable insights into the role of oxidative stress in sperm 

quality deterioration and the potential of antioxidants to counteract these effects. The strategic use 

of antioxidants could lead to significant advancements in artificial insemination practices, 

ultimately improving reproductive outcomes and contributing to global food security and 

economic development.

 



 



Page I 46 
 

Abou-Haila, A., & Tulsiani, D. R. (2000). Mammalian sperm acrosome: formation, contents, 

and function. Archives of biochemistry and biophysics, 379(2), 173-182.

Abu Hassan Abu, D., Franken, D. R., Hoffman, B., & Henkel, R. (2012). Accurate sperm 

morphology assessment predicts sperm function. Andrologia, 44, 571-577.

Afzelius, B. (1959). Electron microscopy of the sperm tail results obtained with a new fixative. 

The Journal of Cell Biology, 5(2), 269-278.

Agarwal, A., & Said, T. M. (2005). Oxidative stress, DNA damage and apoptosis in male 

infertility: a clinical approach. BJU international, 95(4), 503-507.

Agarwal, A., & Sengupta, P. (2020). Oxidative stress and its association with male 

infertility. Male infertility: contemporary clinical approaches, andrology, ART and 

antioxidants, 57-68.

Agarwal, A., Mulgund, A., Alshahrani, S., Assidi, M., Abuzenadah, A. M., Sharma, R., & 

Sabanegh, E. (2014a). Reactive oxygen species and sperm DNA damage in infertile 

men presenting with low level leukocytospermia. Reproductive biology and 

endocrinology, 12, 1-8.

Agarwal, A., Virk, G., Ong, C., & Du Plessis, S. S. (2014b). Effect of oxidative stress on male 

reproduction. The world journal of men's health, 32(1), 1-17.

Aitken, R. J., & Baker, M. A. (2006). Oxidative stress, sperm survival and fertility 

control. Molecular and cellular endocrinology, 250(1-2), 66-69.

Aitken, R. J., Gibb, Z., Baker, M. A., Drevet, J., & Gharagozloo, P. (2016). Causes and 

consequences of oxidative stress in spermatozoa. Reproduction, Fertility and 

Development, 28(2), 1-10.



Page I 47 
 

Aitken, R. J., Gordon, E., Harkiss, D., Twigg, J. P., Milne, P., Jennings, Z., & Irvine, D. S. 

(1998). Relative impact of oxidative stress on the functional competence and genomic 

integrity of human spermatozoa. Biology of reproduction, 59(5), 1037-1046.

Aitken, R. J., Wingate, J. K., De Iuliis, G. N., Koppers, A. J., & McLaughlin, E. A. (2006). Cis-

unsaturated fatty acids stimulate reactive oxygen species generation and lipid 

peroxidation in human spermatozoa. The Journal of Clinical Endocrinology & 

Metabolism, 91(10), 4154-4163.

Amaral, A. (2022). Energy metabolism in mammalian sperm motility. WIREs mechanisms of 

disease, 14(5), e1569.

Amaral, A., Ramalho-Santos, J., & St John, J. C. (2007). The expression of polymerase gamma 

and mitochondrial transcription factor A and the regulation of mitochondrial DNA 

content in mature human sperm. Human Reproduction, 22(6), 1585-1596.

Anakwe, O. O., & Gerton, G. L. (1989). Acrosome biogenesis begins during meiosis: evidence 

from the synthesis and distribution of an acrosomal glycoprotein, acrogranin, during 

guinea pig spermatogenesis. Biology of reproduction, 42(2), 317-328.

Ananthan, J., Goldberg, A. L., & Voellmy, R. (1986). Abnormal proteins serve as eukaryotic 

stress signals and trigger the activation of heat shock genes. Science, 232(4749), 522-

524.

Anger, J. T., Gilbert, B. R., & Goldstein, M. A. R. C. (2003). Cryopreservation of sperm: 

indications, methods and results. The Journal of urology, 170(4), 1079-1084.

Ankel-Simons, F., & Cummins, J. M. (1996). Misconceptions about mitochondria and 

mammalian fertilization: implications for theories on human evolution. Proceedings of 

the National Academy of Sciences, 93(24), 13859-13863.

Ansari, M. S., Rakha, B. A., Andrabi, S. M., Ullah, N., Iqbal, R., Holt, W. V., & Akhter, S. 

(2012). Glutathione-supplemented tris-citric acid extender improves the post-thaw 



Page I 48 
 

quality and in vivo fertility of buffalo (Bubalus bubalis) bull 

spermatozoa. Reproductive biology, 12(3), 271-276.

Arjun, V., Kumar, P., Dutt, R., Kumar, A., Bala, R., Verma, N., ... & Yadav, P. S. (2022). Effect 

of mitochondria‐targeted antioxidant on the regulation of the mitochondrial function of 

sperm during cryopreservation. Andrologia, 54(7), e14431.

Austin, C. R. (1952). The ‘capacitation’of the mammalian sperm. Nature, 170(4321), 326-326.

Bahr, G. F., & Engler, W. F. (1970). Considerations of volume, mass, DNA, and arrangement 

of mitochondria in the midpiece of bull spermatozoa. Experimental Cell 

Research, 60(3), 338-340.

Bansal, A. K., & Bilaspuri, G. S. (2011). Impacts of oxidative stress and antioxidants on semen 

functions. Veterinary medicine international, 2011(1), 686137.

Baumgard, L. H., & Rhoads Jr, R. P. (2013). Effects of heat stress on postabsorptive metabolism 

and energetics. Annu. Rev. Anim. Biosci., 1(1), 311-337.

Bedford, J. M. (2014). Singular features of fertilization and their impact on the male 

reproductive system in eutherian mammals. Reproduction, 147(2), R43-R52.

Bedford, J. M., & Nicander, L. (1971). Ultrastructural changes in the acrosome and sperm 

membranes during maturation of spermatozoa in the testis and epididymis of the rabbit 

and monkey. Journal of anatomy, 108(Pt 3), 527.

Beier, H. M. (1974). Oviducal and uterine fluids. Reproduction, 37(1), 221-237.

Bhosrekar, M. R., Rane, R. S., & Mazokari, R. C. (2001, October). Fertility of Murrah buffalo 

bulls in Bhilawadi area of Sangli district. In Proceedings of the XVII Annual 

Convention and National Seminar on Fertility Management of Farm Animals Under 

Adverse Agro-climatic Conditions, Jodhpur, India (pp. 6-8).

Bilodeau, J. F., Chatterjee, S., Sirard, M. A., & Gagnon, C. (2000). Levels of antioxidant 

defenses are decreased in bovine spermatozoa after a cycle of freezing and 



Page I 49 
 

thawing. Molecular Reproduction and Development: Incorporating Gamete 

Research, 55(3), 282-288.

Binelli, M., Gonella-Diaza, A. M., Mesquita, F. S., & Membrive, C. M. B. (2018). Sex steroid-

mediated control of oviductal function in cattle. Biology, 7(1), 15.

Boatman, D. E., & Robbins, R. S. (1991). Bicarbonate: carbon-dioxide regulation of sperm 

capacitation, hyperactivated motility, and acrosome reactions. Biology of 

reproduction, 44(5), 806-813.

Boe-Hansen, G. B., Morris, I. D., Ersbøll, A. K., Greve, T., & Christensen, P. (2005). DNA 

integrity in sexed bull sperm assessed by neutral Comet assay and sperm chromatin 

structure assay. Theriogenology, 63(6), 1789-1802.

Boguenet, M., Bouet, P. E., Spiers, A., Reynier, P., & May-Panloup, P. (2021). Mitochondria: 

their role in spermatozoa and in male infertility. Human Reproduction Update, 27(4), 

697-719.

Bohnensack, R., & Halangk, W. (1986). Control of respiration and of motility in ejaculated bull 

spermatozoa. Biochimica et Biophysica Acta (BBA)-Bioenergetics, 850(1), 72-79.

Bradley, M. P., Geelan, A., Leitch, V., & Goldberg, E. (1996). Cloning, sequencing, and 

characterization of LDH‐C4 from a fox testis cDNA library. Molecular Reproduction 

and Development: Incorporating Gamete Research, 44(4), 452-459.

Breed, W. G. (2004). The spermatozoon of Eurasian murine rodents: its morphological 

diversity and evolution. Journal of morphology, 261(1), 52-69.

Breitbart, H. (2002). Intracellular calcium regulation in sperm capacitation and acrosomal 

reaction. Molecular and cellular endocrinology, 187(1-2), 139-144.

Brotherton, J. (1975). The counting and sizing of spermatozoa from ten animal species using a 

Coulter counter. Andrologia, 7(3), 169-185.



Page I 50 
 

Bulkeley, E. A., Foutouhi, A., Wigney, K., Santistevan, A. C., Collins, C., McNabb, B., & 

Meyers, S. (2021). Effects from disruption of mitochondrial electron transport chain 

function on bull sperm motility. Theriogenology, 176, 63-72.

Bunch, D. 0., Welch, J. E., Magyar, P. L., Eddy, E. M., & O’Brien, D. A. (1998). 

Glyceraldehyde 3-phosphate dehydrogenase-S protein distribution during mouse 

spermatogenesis. Biology of reproduction, 58(3), 834-841.

Cao, W., Aghajanian, H. K., Haig-Ladewig, L. A., & Gerton, G. L. (2009). Sorbitol can fuel 

mouse sperm motility and protein tyrosine phosphorylation via sorbitol 

dehydrogenase. Biology of Reproduction, 80(1), 124-133.

Cardullo, R. A., & Baltz, J. M. (1991). Metabolic regulation in mammalian sperm: 

mitochondrial volume determines sperm length and flagellar beat frequency. Cell 

motility and the cytoskeleton, 19(3), 180-188.

Carvalho, J. O., Sartori, R., Machado, G. M., Mourão, G. B., & Dode, M. A. N. (2010). Quality 

assessment of bovine cryopreserved sperm after sexing by flow cytometry and their use 

in in vitro embryo production. Theriogenology, 74(9), 1521-1530.

Chang, M. C. (1984). The meaning of sperm capacitation. A historical perspective. Journal of 

andrology, 5(2), 45-50.

Chatterjee, S., & Gagnon, C. (2001). Production of reactive oxygen species by spermatozoa 

undergoing cooling, freezing, and thawing. Molecular Reproduction and Development: 

Incorporating Gamete Research, 59(4), 451-458.

Chatterjee, S., de Lamirande, E., & Gagnon, C. (2001). Cryopreservation alters membrane 

sulfhydryl status of bull spermatozoa: protection by oxidized glutathione. Molecular 

Reproduction and Development: Incorporating Gamete Research, 60(4), 498-506.



Page I 51 
 

Chella, L., Kunene, N., & Lehloenya, K. (2017). A comparative study on the quality of semen 

from Zulu rams at various ages and during different seasons in KwaZulu-Natal, South 

Africa. Small Ruminant Research, 151, 104-109.

Clermont, Y., & Leblond, C. P. (1955). Spermiogenesis of man, monkey, ram and other 

mammals as shown by the “periodic acid‐Schiff” technique. American Journal of 

Anatomy, 96(2), 229-253.

Dada, R., Gupta, N. P., & Kucheria, K. (2003). Spermatogenic arrest in men with testicular 

hyperthermia. Teratogenesis, carcinogenesis, and mutagenesis, 23(S1), 235-243.

damage to testes and sperm quality. Theriogenology 158, 84–96

Dan, J. C. (1952). Studies on the acrosome. I. Reaction to egg-water and other stimuli. The 

Biological Bulletin, 103(1), 54-66. 

Dan, J. C. (1954). Studies on the acrosome. III. Effect of calcium deficiency. The Biological 

Bulletin, 107(3), 335-349. 

Darszon, A., Nishigaki, T., Beltran, C., & Treviño, C. L. (2011). Calcium channels in the 

development, maturation, and function of spermatozoa. Physiological reviews, 91(4), 

1305-1355.

Das, R., Sailo, L., Verma, N., Bharti, P., Saikia, J., & Kumar, R. (2016). Impact of heat stress 

on health and performance of dairy animals: A review. Veterinary world, 9(3), 260.

de Oliveira Carvalho, J., Sartori, R., Rodello, L., Mourão, G. B., Bicudo, S. D., & Dode, M. A. 

(2018). Flow cytometry sex sorting affects bull sperm longevity and compromises their 

capacity to bind to oviductal cells. Livestock Science, 207, 30-37.

De Rensis, F., & Scaramuzzi, R. J. (2003). Heat stress and seasonal effects on reproduction in 

the dairy cow—a review. Theriogenology, 60(6), 1139-1151.



Page I 52 
 

DeJarnette, J. M., Saacke, R. G., Bame, J., & Vogler, C. J. (1992). Accessory sperm: their 

importance to fertility and embryo quality, and attempts to alter their numbers in 

artificially inseminated cattle. Journal of animal science, 70(2), 484-491.

du Plessis, S. S., Agarwal, A., Mohanty, G., & Van der Linde, M. (2015). Oxidative 

phosphorylation versus glycolysis: what fuel do spermatozoa use?. Asian journal of 

andrology, 17(2), 230-235.

Eddy E. M., & O'Brien D.A. (1994). The spermatozoon. In: The Physiology of Reproduction. 

Eds: Knobil E., Neill J. D. New York: Raven; pages 29-77

Eddy, E. M., Toshimori, K., & O'Brien, D. A. (2003). Fibrous sheath of mammalian 

spermatozoa. Microscopy research and technique, 61(1), 103-115.

Ehmcke, J., & Schlatt, S. (2006). A revised model for spermatogonial expansion in man: 

lessons from non-human primates. Reproduction, 132(5), 673-680

Engle C.C., Foley C.W., (1975). Certain physicochemical properties of uterine tubal fluid, 

follicular fluid and blood plasma in the mare. American Journal of Veterinary Research, 

36, 149-154.

Escalier, D., Gallo, J. M., Albert, M., Meduri, G., Bermudez, D., David, G., & Schrevel, J. 

(1991). Human acrosome biogenesis: immunodetection of proacrosin in primary 

spermatocytes and of its partitioning pattern during meiosis. Development, 113(3), 779- 

788

Evenson, D. P., Larson, K. L., & Jost, L. K. (2002). Sperm chromatin structure assay: its clinical 

use for detecting sperm DNA fragmentation in male infertility and comparisons with 

other techniques. Journal of andrology, 23(1), 25-43.

Favard, P., & André, J. (1970). The mitochondria of spermatozoa.



Page I 53 
 

Fayyaz, M. H., Ahmad, M., & Ahmad, N. (2017). Survival of buffalo bull spermatozoa: effect 

on structure and function due to alpha‐lipoic acid and cholesterol‐loaded cyclodextrin. 

Andrologia, 49(4), e12652.

Ferramosca, A., & Zara, V. (2014). Bioenergetics of mammalian sperm capacitation. BioMed 

research international, 2014(1), 902953.

Flesch, F. M., & Gadella, B. M. (2000). Dynamics of the mammalian sperm plasma membrane 

in the process of fertilization. Biochimica et Biophysica Acta (BBA)-Reviews on 

Biomembranes, 1469(3), 197-235.

Florman, H. M. (1994). Sequential focal and global elevations of sperm intracellular Ca2+ are 

initiated by the zona pellucida during acrosomal exocytosis. Developmental biology, 

165(1), 152-164.

Fournier-Delpech, S., & Thibault, C. (1993). Acquisition of sperm fertilizing ability: 

Epididymal maturation, accessory glands and capacitation.

Fraczek, M., Hryhorowicz, M., Gill, K., Zarzycka, M., Gaczarzewicz, D., Jedrzejczak, P., ... & 

Kurpisz, M. (2016). The effect of bacteriospermia and leukocytospermia on 

conventional and nonconventional semen parameters in healthy young 

normozoospermic males. Journal of Reproductive Immunology, 118, 18-27.

Freeman, S. (1990). The evolution of the scrotum: a new hypothesis. Journal of Theoretical 

Biology, 145(4), 429-445.

Freitas, M. J., Vijayaraghavan, S., & Fardilha, M. (2017). Signaling mechanisms in mammalian 

sperm motility. Biology of Reproduction, 96(1), 2-12.

Froman, D. P., & Feltmann, A. J. (1998). Sperm mobility: a quantitative trait of the domestic 

fowl (Gallus domesticus). Biology of Reproduction, 58(2), 379-384.



Page I 54 
 

Gaffney, E. A., Gadêlha, H., Smith, D. J., Blake, J. R., & Kirkman-Brown, J. C. (2011). 

Mammalian sperm motility: observation and theory. Annual Review of Fluid 

Mechanics, 43, 501-528.

Gage, M. J. (1998). Mammalian sperm morphometry. Proceedings of the Royal Society of 

London. Series B: Biological Sciences, 265(1391), 97-103.

Garcia-Rincon, J., Darszon, A., & Beltrán, C. (2016). Speract, a sea urchin egg peptide that 

regulates sperm motility, also stimulates sperm mitochondrial metabolism. Biochimica 

et Biophysica Acta (BBA)-Bioenergetics, 1857(4), 415-426.

Garner, D. L., & Seidel Jr, G. E. (2008). History of commercializing sexed semen for 

cattle. Theriogenology, 69(7), 886-895.

Gibb, Z., Griffin, R. A., Aitken, R. J., & De Iuliis, G. N. (2020). Functions and effects of 

reactive oxygen species in male fertility. Animal reproduction science, 220, 106456.

Gibb, Z., Lambourne, S. R., & Aitken, R. J. (2014). The paradoxical relationship between 

stallion fertility and oxidative stress. Biology of reproduction, 91(3), 77-1.

Gibbons, I. R., & Grimstone, A. V. (1960). On flagellar structure in certain flagellates. The 

Journal of Cell Biology, 7(4), 697-716.

Gravance, C. G., Lewis, K. M., & Casey, P. J. (1995). Computer automated sperm head 

morphometry analysis (ASMA) of goat spermatozoa. Theriogenology, 44(7), 989-

1002.

Grootegoed, J. A., Jansen, R., & Van Der Molen, H. J. (1984). The role of glucose, pyruvate 

and lactate in ATP production by rat spermatocytes and spermatids. Biochimica et 

Biophysica Acta (BBA)-Bioenergetics, 767(2), 248-256.

Grootegoed, J. A., Siep, M., & Baarends, W. M. (2000). Molecular and cellular mechanisms in 

spermatogenesis. Best Practice & Research Clinical Endocrinology & Metabolism, 

14(3), 331-343. 



Page I 55 
 

Guidobaldi, H. A., Hirohashi, N., Cubilla, M., Buffone, M. G., & Giojalas, L. C. (2017). An 

intact acrosome is required for the chemotactic response to progesterone in mouse 

spermatozoa. Molecular reproduction and development, 84(4), 310-315.

Hansen, P. J. (2004). Physiological and cellular adaptations of zebu cattle to thermal 

stress. Animal reproduction science, 82, 349-360.

Hansen, P. J. (2009). Effects of heat stress on mammalian reproduction. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 364(1534), 3341-3350.

Hereng, T. H., Elgstøen, K. B. P., Cederkvist, F. H., Eide, L., Jahnsen, T., Skålhegg, B. S., & 

Rosendal, K. R. (2011). Exogenous pyruvate accelerates glycolysis and promotes 

capacitation in human spermatozoa. Human Reproduction, 26(12), 3249-3263.

Hildyard, J. C., & Halestrap, A. P. (2003). Identification of the mitochondrial pyruvate carrier 

in Saccharomyces cerevisiae. Biochemical Journal, 374(3), 607-611.

Hirata, S., Hoshi, K., Shoda, T., & Mabuchi, T. (2002). Spermatozoon and mitochondrial DNA. 

Reproductive medicine and biology, 1, 41-47.

Hirayama, T., Hasegawa, T., & Hiroi, M. (1989). The measurement of hyaluronidase activity 

in human spermatozoa by substrate slide assay and its clinical application. Fertility and 

sterility, 51(2), 330-334.

Hirohashi, N., & Yanagimachi, R. (2018). Sperm acrosome reaction: its site and role in 

fertilization. Biology of reproduction, 99(1), 127-133.

Ho, H. C., Granish, K. A., & Suarez, S. S. (2002). Hyperactivated motility of bull sperm is 

triggered at the axoneme by Ca2+ and not cAMP. Developmental biology, 250(1), 208-

217.

Holden, S. A., Murphy, C., Moreno, J. F., Butler, S. T., Cromie, A. R., Lonergan, P., & Fair, S. 

(2017). In vitro characterisation of fresh and frozen sex-sorted bull 

spermatozoa. Reproduction, Fertility and Development, 29(7), 1415-1425.



Page I 56 
 

Hollinshead, F. K., Gillan, L., O’brien, J. K., Evans, G., & Maxwell, W. M. C. (2003). In vitro 

and in vivo assessment of functional capacity of flow cytometrically sorted ram 

spermatozoa after freezing and thawing. Reproduction, Fertility and 

Development, 15(6), 351-359.

Hopkins, J. M. (1970). Subsidiary components of the flagella of Chlamydomonas reinhardii. 

Journal of cell science, 7(3), 823-839.

Hoque, S. M., Umehara, T., Kawai, T., & Shimada, M. (2021). Adverse effect of superoxide-

induced mitochondrial damage in granulosa cells on follicular development in mouse 

ovaries. Free radical biology and Medicine, 163, 344-355.

Howarth JR, B. I. R. K. E. T. T. (1978). Oxidation of [U-1 4 C] palmitic acid by cock 

spermatozoa. Poultry Science, 57(6), 1751-1754.

Hu, J. H., Tian, W. Q., Zhao, X. L., Zan, L. S., Wang, H., Li, Q. W., & Xin, Y. P. (2010). The 

cryoprotective effects of ascorbic acid supplementation on bovine semen quality. 

Animal reproduction science, 121(1-2), 72-77

Inaba, K. (2003). Molecular architecture of the sperm flagella: molecules for motility and 

signaling. Zoological science, 20(9), 1043-1056.

Ishijima, S. (2015). Ca2+ and cAMP regulations of microtubule sliding in hyperactivated 

motility of bull spermatozoa. Proceedings of the Japan Academy, Series B, 91(3), 99-

108

Islam, M. M., Umehara, T., Tsujita, N., & Shimada, M. (2021). Saturated fatty acids accelerate 

linear motility through mitochondrial ATP production in bull sperm. Reproductive 

Medicine and Biology, 20(3), 289-298.



Page I 57 
 

Islam, M. M., Umehara, T., Tsujita, N., Koyago, M., & Shimada, M. (2023). Treatment with 

cholesterol just after thawing maintains the fertility of bull sperm. Molecular Human 

Reproduction, 29(9), gaad031.

Jasko, D. J., Lein, D. H., & Foote, R. H. (1990). Determination of the relationship between 

sperm morphologic classifications and fertility in stallions: 66 cases (1987-1988). 

Journal of the American Veterinary Medical Association, 197(3), 389-394.

Johnson, L. A., Weitze, K. F., Fiser, P., & Maxwell, W. M. C. (2000). Storage of boar semen. 

Animal reproduction science, 62(1-3), 143-172.

Jones R.C., and Dacheux J.L., (2007). Physiology of epididymis. In: Kandel FR, Swerdloff RS, 

Prior JL, editors. Male reproductive dysfunction: pathophysiology and treatment. Nova 

York: Informa Healthcare; 2007. p. 71e8

Jones, A. R., Chantrill, L. A., & Cokinakis, A. (1992). Metabolism of glycerol by mature boar 

spermatozoa. Reproduction, 94(1), 129-134.

Kalthoff, K. (2001). Analysis of Biological Development. Boston: McGraw-Hill

Kamp, G., Busselmann, G., Jones, N., Wiesner, B., & Lauterwein, J. (2003). Energy 

metabolism and intracellular pH in boar spermatozoa. Reproduction-Cambridge, 

126(4), 517-525.

Katz, D. F., & Drobnis, E. Z. (1990). Analysis and interpretation of the forces generated by 

spermatozoa. Fertilization in mammals, 125-137.

Khalil, W. A., El-Harairy, M. A., Zeidan, A. E., Hassan, M. A., & Mohey-Elsaeed, O. (2018). 

Evaluation of bull spermatozoa during and after cryopreservation: Structural and 

ultrastructural insights. International Journal of Veterinary Science and Medicine, 6, 

S49-S56.



Page I 58 
 

Kim, J. H., Park, S. J., Kim, T. S., Kim, J. M., & Lee, D. S. (2016). Testosterone production by 

a Leydig tumor cell line is suppressed by hyperthermia-induced endoplasmic reticulum 

stress in mice. Life sciences, 146, 184-191.

Knight, J., & Harrison, S. (2012). Evaluating the impacts of global warming on 

geomorphological systems. Ambio, 41, 206-210.

Kovalski, N. N., de Lamirande, E., & Gagnon, C. (1992). Reactive oxygen species generated 

by human neutrophils inhibit sperm motility: protective effect of seminal plasma and 

scavengers. Fertility and sterility, 58(4), 809-816.

Kruger, T. F., Acosta, A. A., Simmons, K. F., Swanson, R. J., Matta, J. F., & Oehninger, S. 

(1988). Predictive value of abnormal sperm morphology in in vitro fertilization. 

Fertility and sterility, 49(1), 112-117.

Kurland, C. G., & Andersson, S. G. E. (2000). Origin and evolution of the mitochondrial 

proteome. Microbiology and Molecular Biology Reviews, 64(4), 786-820.

Leblond, C. P., & Clermont, Y. (1952). Spermio-genesis of rat, mouse, hamster and guinea pig 

as revealed by the''periodic acid-fuchsin sulfurous acid" technique.

Lewis, S. E. M., & Aitken, R. J. (2005). DNA damage to spermatozoa has impacts on 

fertilization and pregnancy. Cell and tissue research, 322, 33-41.

Lewis, S. E., Sterling, E. S. L., Young, I. S., & Thompson, W. (1997). Comparison of individual 

antioxidants of sperm and seminal plasma in fertile and infertile men. Fertility and 

sterility, 67(1), 142-147.

Link R.W. (2001). Cilia and Flagella. In: Encyclopedia of Life Sciences. London, UK: Nature 

Publishing Group, pp. 1–12

Malo, A. F., Gomendio, M., Garde, J., Lang-Lenton, B., Soler, A. J., & Roldan, E. R. (2006). 

Sperm design and sperm function. Biology letters, 2(2), 246-249.



Page I 59 
 

Mannowetz, N., Wandernoth, P. M., & Wennemuth, G. (2012). Glucose is a pH-dependent 

motor for sperm beat frequency during early activation. PLoS One, 7(7), e41030.

Mannowetz, N., Wandernoth, P. M., & Wennemuth, G. (2012). Glucose is a pH-dependent 

motor for sperm beat frequency during early activation. PLoS One, 7(7), e41030.

Marai IFM, Haeeb AAM. Buffalo’s biological functions as affected by heat stress- A review. 

Livestock Science. 2010; 127(2): 89-109.

Marai, I. F. M., Habeeb, A. A. M., & Gad, A. E. (2002). Rabbits’ productive, reproductive and 

physiological performance traits as affected by heat stress: a review. Livestock 

production science, 78(2), 71-90.

Maree, L. (2011). Sperm mitochondria: species specificity and relationships to sperm 

morphometric features and sperm function in selected mammalian species. PhD thesis, 

University of the Western Cape.

Medeiros, C. M. O., Forell, F., Oliveira, A. T. D., & Rodrigues, J. L. (2002). Current status of 

sperm cryopreservation: why isn't it better?. Theriogenology, 57(1), 327-344.

Mehrabi, Z., Gill, M., Wijk, M. V., Herrero, M., & Ramankutty, N. (2020). Livestock policy 

for sustainable development. Nature Food, 1(3), 160-165.

Menkveld, R., Holleboom, C. A., & Rhemrev, J. P. (2011). Measurement and significance of 

sperm morphology. Asian journal of andrology, 13(1), 59.

Miki, K. (2007). Energy metabolism and sperm function. Society of Reproduction and Fertility 

supplement, 65, 309-325.

Miki, K., Qu, W., Goulding, E. H., Willis, W. D., Bunch, D. O., Strader, L. F., Perreault, S. D., 

Eddy, E. M., & O’Brien, D. A. (2004). Glyceraldehyde 3-phosphate dehydrogenase-S, 

a sperm-specific glycolytic enzyme, is required for sperm motility and male fertility. 

Proceedings of the National Academy of Sciences, 101(47), 16501-16506. 



Page I 60 
 

Minassian, E. S., & Terner, C. (1966). Biosynthesis of lipids by human and fish spermatozoa. 

American Journal of Physiology-Legacy Content, 210(3), 615-618.

Mita, M., Yasumasu, I., & Nakamura, M. (1995). Endogenous substrate for energy metabolism 

and ultrastructural correlates in spermatozoa of the sea urchin Diadema setosum. 

Molecular reproduction and development, 40(1), 103-109.

Moazamian, R., Polhemus, A., Connaughton, H., Fraser, B., Whiting, S., Gharagozloo, P., & 

Aitken, R. J. (2015). Oxidative stress and human spermatozoa: diagnostic and 

functional significance of aldehydes generated as a result of lipid peroxidation. MHR: 

Basic science of reproductive medicine, 21(6), 502-515.

Moce, E., Graham, J. K., & Schenk, J. L. (2006). Effect of sex-sorting on the ability of fresh 

and cryopreserved bull sperm to undergo an acrosome reaction. Theriogenology, 66(4), 

929-936.

Moon, E. J., Sonveaux, P., Porporato, P. E., Danhier, P., Gallez, B., Batinic-Haberle, I., ... & 

Dewhirst, M. W. (2010). NADPH oxidase-mediated reactive oxygen species production 

activates hypoxia-inducible factor-1 (HIF-1) via the ERK pathway after hyperthermia 

treatment. Proceedings of the National Academy of Sciences, 107(47), 20477-20482.

Moreno, R. D., Ramalho-Santos, J., Sutovsky, P., Chan, E. K., & Schatten, G. (2000). Vesicular 

traffic and golgi apparatus dynamics during mammalian spermatogenesis: implications 

for acrosome architecture. Biology of Reproduction, 63(1), 89-98.

Mori, C., Nakamura, N., Welch, J. E., Gotoh, H., Goulding, E. H., Fujioka, M., & Eddy, E. M. 

(1998). Mouse spermatogenic cell–specific type 1 hexokinase (mHk1‐s) transcripts are 

expressed by alternative splicing from the mHk1 gene and the HK1‐S protein is 

localized mainly in the sperm tail. Molecular Reproduction and Development: 

Incorporating Gamete Research, 49(4), 374-385.



Page I 61 
 

Morielli, T., & O'Flaherty, C. (2015). Oxidative stress impairs function and increases redox 

protein modifications in human spermatozoa. Reproduction, 149(1), 113-123.

Morris, G. J., Acton, E., Murray, B. J., & Fonseca, F. (2012). Freezing injury: the special case 

of the sperm cell. Cryobiology, 64(2), 71-80.

Mortimer, S. T. (1997). A critical review of the physiological importance and analysis of sperm 

movement in mammals. Human reproduction update, 3(5), 403-439.

Moura, A. B. B., Brandão, F. Z., Esteves, S. N., de Souza, G. N., da Fonseca, J. F., Pantoja, M. 

H. A., ... & Garcia, A. R. (2019). Differences in the thermal sensitivity and seminal 

quality of distinct ovine genotypes raised in tropical conditions. Theriogenology, 123, 

123-131.

Mujahid, A., Akiba, Y., & Toyomizu, M. (2009). Olive oil-supplemented diet alleviates acute 

heat stress-induced mitochondrial ROS production in chicken skeletal 

muscle. American Journal of Physiology-Regulatory, Integrative and Comparative 

Physiology, 297(3), R690-R698.

Mujahid, A., Akiba, Y., Warden, C. H., & Toyomizu, M. (2007). Sequential changes in 

superoxide production, anion carriers and substrate oxidation in skeletal muscle 

mitochondria of heat-stressed chickens. FEBS letters, 581(18), 3461-3467.

Mukai, C., & Travis, A. J. (2012). What sperm can teach us about energy production. 

Reproduction in Domestic Animals, 47, 164-169.

Murphy, C., Fahey, A. G., Shafat, A., & Fair, S. (2013). Reducing sperm concentration is 

critical to limiting the oxidative stress challenge in liquid bull semen. Journal of dairy 

science, 96(7), 4447-4454.

Nagy, S., Hallap, T., Johannisson, A., & Rodriguez-Martinez, H. (2004). Changes in plasma 

membrane and acrosome integrity of frozen-thawed bovine spermatozoa during a 4 h 



Page I 62 
 

incubation as measured by multicolor flow cytometry. Animal Reproduction Science, 

80(3-4), 225-235.

Nakamura, M., Okinaga, S., & Arai, K. (1984). Metabolism of pachytene primary 

spermatocytes from rat testes: pyruvate maintenance of adenosine triphosphate level. 

Biology of reproduction, 30(5), 1187-1197.

Nakata, K., Yamashita, N., Noda, Y., & Ohsawa, I. (2015). Stimulation of human damaged 

sperm motility with hydrogen molecule. Medical Gas Research, 5, 1-8.

New, M., Liverman, D., Schroder, H., & Anderson, K. (2011). Four degrees and beyond: the 

potential for a global temperature increase of four degrees and its 

implications. Philosophical Transactions of the Royal Society A: Mathematical, 

Physical and Engineering Sciences, 369(1934), 6-19.

O’brien, J. K., Steinman, K. J., & Robeck, T. R. (2009). Application of sperm sorting and 

associated reproductive technology for wildlife management and 

conservation. Theriogenology, 71(1), 98-107.

O’Flaherty, C., & Scarlata, E. (2022). Oxidative stress and reproductive function: The 

protection of mammalian spermatozoa against oxidative stress. Reproduction, 164(6), 

F67-F78.

Partyka, A., Niżański, W., & Łukaszewicz, E. (2010). Evaluation of fresh and frozen-thawed 

fowl semen by flow cytometry. Theriogenology, 74(6), 1019-1027.

Peña, F. J., Johannisson, A., Wallgren, M., & Rodrı ́guez-Martı ́nez, H. (2003). Assessment of 

fresh and frozen–thawed boar semen using an Annexin-V assay: a new method of 

evaluating sperm membrane integrity. Theriogenology, 60(4), 677-689.

Pereira, S. C., Moreira, M. V., Silva, B. M., Oliveira, P. F., & Alves, M. G. (2022). Roles of 

oxidative stress in the male reproductive system: potential of antioxidant 

supplementation for infertility treatment. In Oxidative Stress and Toxicity in 



Page I 63 
 

Reproductive Biology and Medicine: A Comprehensive Update on Male Infertility 

Volume II (pp. 259-274). Cham: Springer International Publishing.

Peris, S. I., Bilodeau, J. F., Dufour, M., & Bailey, J. L. (2007). Impact of cryopreservation and 

reactive oxygen species on DNA integrity, lipid peroxidation, and functional parameters 

in ram sperm. Molecular reproduction and development, 74(7), 878-892.

Phillips, R. W., & McKenzie, F. F. (1934). The thermo-regulatory function and mechanism of 

the scrotum.

Piasecka, M., & Kawiak, J. (2003). Sperm mitochondria of patients with normal sperm motility 

and with asthenozoospermia: morphological and functional study. Folia Histochemica 

et Cytobiologica, 41(3), 125-139.

Pini, T., Leahy, T., & de Graaf, S. P. (2018). Sublethal sperm freezing damage: Manifestations 

and solutions. Theriogenology, 118, 172-181.

Poulos, A., & White, I. G. (1973). The phospholipid composition of human spermatozoa and 

seminal plasma. Reproduction, 35(2), 265-272.

Poulos, A., Sharp, P., Johnson, D., White, I., & Fellenberg, A. (1986). The occurrence of 

polyenoic fatty acids with greater than 22 carbon atoms in mammalian spermatozoa. 

Biochemical Journal, 240(3), 891-895.

Powers, R. H., Stadnicka, A., Kalbfleish, J. H., & Skibba, J. L. (1992). Involvement of xanthine 

oxidase in oxidative stress and iron release during hyperthermic rat liver 

perfusion. Cancer research, 52(7), 1699-1703.

Publicover, S., Harper, C. V., & Barratt, C. (2007). [Ca2+] i signalling in sperm—making the 

most of what you've got. Nature cell biology, 9(3), 235-242.

Rahman, M. B., Schellander, K., Luceno, N. L., & Van Soom, A. (2018). Heat stress responses 

in spermatozoa: Mechanisms and consequences for cattle fertility. Theriogenology, 113, 

102-112.



Page I 64 
 

Rajender, S., Rahul, P., & Mahdi, A. A. (2010). Mitochondria, spermatogenesis and male 

infertility. Mitochondrion, 10(5), 419-428.

Ramalho-Santos, J., Amaral, A., Sousa, A. P., Rodrigues, A. S., Martins, L., Baptista, M., ... & 

Gamboa, S. (2007). Probing the structure and function of mammalian sperm using 

optical and fluorescence microscopy. Modern research and educational topics in 

microscopy, 1, 394-402.

Ramió-Lluch, L., Yeste, M., Fernández-Novell, J. M., Estrada, E., Rocha, L., Cebrián-Pérez, J. 

A., Muiño-Blanco, T., Concha II, Ramírez, A., & Rodríguez-Gil, J. E. (2014). 

Oligomycin A-induced inhibition of mitochondrial ATP-synthase activity suppresses 

boar sperm motility and in vitro capacitation achievement without modifying overall 

sperm energy levels. Reproduction, fertility and development, 26(6), 883-897.

Renaudeau, D., Collin, A., Yahav, S., De Basilio, V., Gourdine, J. L., & Collier, R. J. (2012). 

Adaptation to hot climate and strategies to alleviate heat stress in livestock 

production. Animal, 6(5), 707-728.

Ribas-Maynou, J., Nguyen, H., Wu, H., & Ward, W. S. (2022). Functional aspects of sperm 

chromatin organization. Nuclear, Chromosomal, and Genomic Architecture in Biology 

and Medicine, 295-311.

Rigau, T., Farré, M., Ballester, J., Mogas, T., Pena, A., & Rodríguez-Gil, J. E. (2001). Effects 

of glucose and fructose on motility patterns of dog spermatozoa from fresh ejaculates. 

Theriogenology, 56(5), 801-815.

Rizzoto, G., & Kastelic, J. P. (2020). A new paradigm regarding testicular thermoregulation in 

ruminants?. Theriogenology, 147, 166-175.

Robinson, J. J., Ashworth, C. J., Rooke, J. A., Mitchell, L. M., & McEvoy, T. G. (2006). 

Nutrition and fertility in ruminant livestock. Animal Feed Science and Technology, 

126(3-4), 259-276.



Page I 65 
 

Rodríguez-Alonso, B., Sánchez, J. M., González, E., Lonergan, P., & Rizos, D. (2020). 

Challenges in studying preimplantation embryo-maternal interaction in 

cattle. Theriogenology, 150, 139-149.

Rodríguez-Gil, J. E., & Bonet, S. (2016). Current knowledge on boar sperm metabolism: 

Comparison with other mammalian species. Theriogenology, 85(1), 4-11.

Rogers, B. J., Ueno, M., & Yanagimachi, R. (1977). Inhibition of hamster sperm acrosome 

reaction and fertilization by oligomycin, antimycin A, and rotenone. Journal of 

Experimental Zoology, 199(1), 129-135

Rucker, R., Stites, T., Steinberg, F., & Mitchell, A. (2000). Physiological importance of 

pyrroloquinoline quinone. Biochemistry and Molecular Biology of Vitamin B 6 and 

PQQ-dependent Proteins, 61-66.

Ruiz-Pesini, E., Diez, C., Lapena, A. C., Pérez-Martos, A., Montoya, J., Alvarez, E., Arenas, 

J., & Lopez-Perez, M. J. (1998). Correlation of sperm motility with mitochondrial 

enzymatic activities. Clinical chemistry, 44(8), 1616-1620.

Saacke, R. G., & Almquist, J. O. (1964). Ultrastructure of bovine spermatozoa. I. The head of 

normal, ejaculated sperm. American Journal of Anatomy, 115(1), 143-161.

Saint-Dizier, M., Schoen, J., Chen, S., Banliat, C., & Mermillod, P. (2019). Composing the 

early embryonic microenvironment: physiology and regulation of oviductal secretions. 

International journal of molecular sciences, 21(1), 223.

Salem, H. B. (2010). Nutritional management to improve sheep and goat performances in 

semiarid regions. Revista Brasileira de Zootecnia, 39, 337-347.

Schlatt, S., & Ehmcke, J. (2014, May). Regulation of spermatogenesis: an evolutionary 

biologist's perspective. In Seminars in cell & developmental biology (Vol. 29, pp. 2-

16). Academic Press.



Page I 66 
 

Schmidt, H., & Carter, A. P. (2016). Structure and mechanism of the dynein motor ATPase. 

Biopolymers, 105(8), 557-567

Scott, T. W. (1973). Lipid metabolism of spermatozoa.

Scott, T. W., & Dawson, R. M. C. (1968). Metabolism of phospholipids by spermatozoa and 

seminal plasma. Biochemical Journal, 108(3), 457-463.

Segal, A. W., & Abo, A. (1993). The biochemical basis of the NADPH oxidase of 

phagocytes. Trends in biochemical sciences, 18(2), 43-47.

Sekoni, V. O., & Gustafsson, B. K. (1987). Seasonal variations in the incidence of sperm 

morphological abnormalities in dairy bulls regularly used for artificial insemination. 

British Veterinary Journal, 143(4), 312-317.

Selvam, M. K. P., Agarwal, A., Henkel, R., Finelli, R., Robert, K. A., Iovine, C., & Baskaran, 

S. (2020). The effect of oxidative and reductive stress on semen parameters and 

functions of physiologically normal human spermatozoa. Free Radical Biology and 

Medicine, 152, 375-385.

Shahat, A. M., Rizzoto, G., & Kastelic, J. P. (2020). Amelioration of heat stress-induced 

damage to testes and sperm quality. Theriogenology, 158, 84-96.

Shalgi, R., Smith, T. T., & Yanagimachi, R. (1992). A quantitative comparison of the passage 

of capacitated and uncapacitated hamster spermatozoa through the uterotubal junction. 

Biology of reproduction, 46(3), 419-424.

Sharma, R., Agarwal, A., Mohanty, G., Du Plessis, S. S., Gopalan, B., Willard, B., ... & 

Sabanegh, E. (2013). Proteomic analysis of seminal fluid from men exhibiting oxidative 

stress. Reproductive Biology and Endocrinology, 11, 1-15.

Silanikove N., L e i t n e r G., M e r i n U., P r o s s e r C.G. (2010). Recent advances in 

exploiting goat’s milk: quality, safety and production aspects. Small Rumin. Res., 89: 

110–124.



Page I 67 
 

Silber, S. J. (1989). Opinion: The relationship of abnormal semen parameters to male fertility. 

Human Reproduction, 4(8), 947-953.

Sławeta, R., & Laskowska, T. (1987). The effect of glutathione on the motility and fertility of 

frozen bull sperm. Animal Reproduction Science, 13(4), 249-253.

Smith, E. F. (2002). Regulation of flagellar dynein by calcium and a role for an axonemal 

calmodulin and calmodulin-dependent kinase. Molecular biology of the cell, 13(9), 

3303-3313.

Sönmez, M., Türk, G., & Yüce, A. (2005). The effect of ascorbic acid supplementation on 

sperm quality, lipid peroxidation and testosterone levels of male Wistar rats. 

Theriogenology, 63(7), 2063-2072.

Stauss, C. R., Votta, T. J., & Suarez, S. S. (1995). Sperm motility hyperactivation facilitates 

penetration of the hamster zona pellucida. Biology of reproduction, 53(6), 1280-1285.

Suarez SS. (2008). Control of hyperactivation in sperm. Hum Reprod Update 14: 647–657. 

Suhair, S. M., & Abdalla, M. A. (2013). Effects of seasonal changes and shearing on 

thermoregulation, blood constituents and semen characteristics of desert rams (Ovis 

aries). Pakistan Journal of Biological Sciences: PJBS, 16(24), 1884-1893.

Takahashi, M. (2012). Heat stress on reproductive function and fertility in 

mammals. Reproductive medicine and biology, 11(1), 37-47.

Tan, G. Y., Yang, L., Fu, Y. Q., Feng, J. H., & Zhang, M. H. (2010). Effects of different acute 

high ambient temperatures on function of hepatic mitochondrial respiration, 

antioxidative enzymes, and oxidative injury in broiler chickens. Poultry Science, 89(1), 

115-122.

Thornton, P. K. (2010). Livestock production: recent trends, future prospects. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 365(1554), 2853-2867.



Page I 68 
 

Toshimori, K., & Eddy E. (2014). The Spermatozoon. In: Plant, T.M. and Zeleznik, A.J. (ed.), 

Knobil and Neill's physiology of reproduction. Academic Press, San Diego, 99-136.

Toshimori, K., & Ito, C. (2003). Formation and organization of the mammalian sperm head. 

Archives of Histology and Cytology, 66(5), 383-396.

Tulsiani, D. R., Zeng, H., & Abou-Haila, A. (2007). Biology of sperm capacitation: evidence 

for multiple signalling pathways. Society of Reproduction and Fertility Supplement, 

63, 257.

Turner, R. M. (2003). Tales from the tail: what do we really know about sperm motility? Journal 

of andrology, 24(6), 790-803.

Tvrda, E., Kováčik, A., Tušimová, E., Paál, D., Mackovich, A., Alimov, J., & Lukáč, N. (2016). 

Antioxidant efficiency of lycopene on oxidative stress-induced damage in bovine 

spermatozoa. Journal of animal science and biotechnology, 7, 1-13.

Tyler, B. M. (2002). Molecular basis of recognition between Phytophthora pathogens and their 

hosts. Annual review of phytopathology, 40(1), 137-167.

Umehara, T., Tsujita, N., Zhu, Z., Ikedo, M., & Shimada, M. (2020). A simple sperm-sexing 

method that activates TLR7/8 on X sperm for the efficient production of sexed mouse 

or cattle embryos. Nature Protocols, 15, 2645–2667. 

Urner, F., & Sakkas, D. (1999). Characterization of glycolysis and pentose phosphate pathway 

activity during sperm entry into the mouse oocyte. Biology of reproduction, 60(4), 973-

978.

Vazquez-Levin, M. H., Furlong, L. I., Veaute, C. M., & Ghiringhelli, P. D. (2007). An overview 

of the proacrosin/acrosin system in human spermatozoa. Treballs de la Societat 

Catalana de Biologia, 56, 59-74.

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K., & Eppenberger, H. M. (1992). Intracellular 

compartmentation, structure and function of creatine kinase isoenzymes in tissues with 



Page I 69 
 

high and fluctuating energy demands: the'phosphocreatine circuit'for cellular energy 

homeostasis. Biochemical Journal, 281(Pt 1), 21.

Ward, W. S. (2018). Organization of sperm DNA by the nuclear matrix. American Journal of 

Clinical and Experimental Urology, 6(2), 87.

Westhoff, D., & Kamp, G. (1997). Glyceraldehyde 3-phosphate dehydrogenase is bound to the 

fibrous sheath of mammalian spermatozoa. Journal of Cell Science, 110(15), 1821-

1829.

Williams, A. C., & Ford, W. C. L. (2001). The role of glucose in supporting motility and 

capacitation in human spermatozoa. Journal of andrology, 22(4), 680-695.

Xuan, W., Lamhonwah, A. M., Librach, C., Jarvi, K., & Tein, I. (2003). Characterization of 

organic cation/carnitine transporter family in human sperm. Biochemical and 

biophysical research communications, 306(1), 121-128.

Yaeram, J., Setchell, B. P., & Maddocks, S. (2006). Effect of heat stress on the fertility of male 

mice in vivo and in vitro. Reproduction, Fertility and Development, 18(6), 647-653.

Yanagimachi, R. "Sperm capacitation and gamete interaction." (1989): 27-33.

Yanagimachi, R. (1981). In: Fertilization and Embryonic Developments In Vitro (Mastroianni 

L and Biggers JD, Eds.), Plenum Press, NY

Yanagimachi, R. (1994). Mammalian fertilization. The physiology of reproduction, 1, 273-279.

Yanez‐Ortiz, I., Catalán, J., Delgado-Bermúdez, A., Carluccio, A., Miró, J., & Yeste, M. (2021). 

Addition of reduced glutathione (GSH) to freezing medium reduces intracellular ROS 

levels in donkey sperm. Veterinary Sciences, 8(12), 302.

Yang, L., Tan, G. Y., Fu, Y. Q., Feng, J. H., & Zhang, M. H. (2010). Effects of acute heat stress 

and subsequent stress removal on function of hepatic mitochondrial respiration, ROS 

production and lipid peroxidation in broiler chickens. Comparative Biochemistry and 

Physiology Part C: Toxicology & Pharmacology, 151(2), 204-208.



Page I 70 
 

Zhang, M. H., Shi, Z. D., Yu, J. C., Zhang, Y. P., Wang, L. G., & Qiu, Y. (2015). Scrotal heat 

stress causes sperm chromatin damage and cysteinyl aspartate-spicific proteinases 3 

changes in fertile men. Journal of assisted reproduction and genetics, 32, 747-755.

Zhu, B. Q., Simonis, U., Cecchini, G., Zhou, H. Z., Li, L., Teerlink, J. R., & Karliner, J. S. 

(2006). Comparison of pyrroloquinoline quinone and/or metoprolol on myocardial 

infarct size and mitochondrial damage in a rat model of ischemia/reperfusion injury. 

Journal of cardiovascular pharmacology and therapeutics, 11(2), 119-128.

Zhu, Z., Kawai, T., Umehara, T., Hoque, S. M., Zeng, W., & Shimada, M. (2019). Negative 

effects of ROS generated during linear sperm motility on gene expression and ATP 

generation in boar sperm mitochondria. Free Radical Biology and Medicine, 141, 159-

171.

Zimmermann, N., & Geyer, G. (1981). A polyacrylamide gel method for the cytochemical 

demonstration of glucose-6-phosphate dehydrogenase activity in mouse sperm. Acta 

Histochemica, 68(2), 227-230.

Zorov, D. B., Krasnikov, B. F., Kuzminova, A. E., Vysokikh, M. Y., & Zorova, L. D. (1997). 

Mitochondria revisited. Alternative functions of mitochondria. Bioscience 

reports, 17(6), 507-520.

 


