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Abstract 

This comprehensive review delves into the evolving landscape of assisted reproductive technologies 

(ARTs) in bovine species, particularly focusing on the pivotal roles of semen additives in the 

cryopreservation of buffalo and cattle semen. In developing nations, where ARTs are still emerging, 

these techniques significantly influence bovine reproductive strategies. In contrast, developed regions 

have embraced them as primary approaches for dairy buffalo and cattle breeding. Semen 

cryopreservation, while offering advantages like extended storage and genetic propagation, also 

presents challenges. These include diminished sperm quality due to reactive oxygen species (ROS) 

production, alterations in sperm structure, and temperature fluctuations. Further, the effect of 

cryopreservation differs between cattle and buffaloes, with the latter exhibiting poorer semen viability 

and fertility due to inherent lipid composition susceptibilities. The generation and implications of 

ROS, especially hydrogen peroxide, contribute significantly to sperm DNA damage and functional 

impairments. To counteract these challenges, research has intensified on semen additives, aiming to 

bolster semen quality and protect against oxidative stress-induced damage. As the field advances, the 

review emphasizes the need for optimized cryopreservation techniques and tailored antioxidant 

strategies to harness the full potential of ARTs in bovine breeding programs.. 

Keywords: antioxidants; buffalo semen; cryopreservation; oxidative stress; reactive oxygen species; 

semen additives. 

 

INTRODUCTION 

In developing nations, assisted 

reproductive technologies remain nascent, with 

artificial insemination and cryopreservation of 

semen prominently influencing bovine 

reproductive strategies (1). Consequently, in 

developed regions, the predominant approach 

for breeding dairy buffalo and cattle involves 
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these techniques (2). The utility of sperm 

cryopreservation facilitates prolonged storage, 

genetic propagation of superior traits across 

generations, and facilitates transport over 

extensive distances (3). Employing frozen-

thawed semen permits optimal timing of 

insemination without necessitating the 

immediate presence of the breeding male. 

Additionally, cryopreservation is pivotal for 

germplasm repository management, endorsing 

biodiversity conservation and safeguarding 

endangered species (4). Nonetheless, the 

effective utilization of superior male germplasm 

via cryopreservation encounters challenges, 

notably the diminished quality and fertility of 

semen attributed to physiological, mechanical 

stresses, and resultant structural alterations in 

sperm cells. Notably, a significant fraction of 

spermatozoa undergo quality compromise 

during cryopreservation, even when adhering to 

rigorous protocols, culminating in the 

overproduction of reactive oxygen species 

(ROS) (1). The primary locus of vulnerability 

during cryopreservation is the sperm cell's 

plasma membrane, which is subjected to ROS-

induced lipid peroxidation and cholesterol 

efflux, thereby disrupting its lipid composition. 

Cumulative stressors, including lipid 

peroxidation, ice crystallization, pH alterations, 

and osmotic imbalances, compromise sperm 

motility, membrane integrity, and DNA 

integrity, ultimately impairing fertilization 

potential (5). Prior investigations have explored 

enriching cryopreservation media with 

antioxidants, both enzymatic and non-

enzymatic, resulting in enhanced post-thaw 

sperm viability and functionality by mitigating 

detrimental structural and functional impacts 

(6).  

Emerging literature suggests variability 

among species, with distinct subsets exhibiting 

differential cryotolerance capacities ("good 

freezers," "acceptable freezers," and "poor 

freezers"), despite their genetic merit and 

reproductive performance under natural or fresh 

semen insemination scenarios (7, 8). 

Nevertheless, cryopreservation presents inherent 

challenges, primarily due to sperm's 

susceptibility to temperature fluctuations, 

compromising post-thaw viability (9). 

 

 

 

 

 

ARTIFICIAL INSEMINATION 

 

Artificial insemination represents the initial 

and most straightforward technique for 

augmenting productivity and has demonstrated 

efficacy across livestock species such as cattle, 

buffalo, sheep, and goats. The advent of 

artificial insemination using frozen-thawed 

doses has profoundly transformed the animal 

breeding sector since its inception in the 20th 

century (2). This method has been instrumental 

in advancing the genetic advancement of buffalo 

and cattle populations (10). Through artificial 

insemination, the superior genetic material from 

high-quality bulls is extensively leveraged, 

facilitating the insemination of a significant 

number of buffaloes and cattle with a single 

ejaculate (11). The integration of 

cryopreservation and artificial insemination has 

accelerated advancements in buffalo and cattle 

production and phenotypic traits at previously 

unparalleled rates (12). Additionally, this 

approach mitigates the dissemination of 

venereal diseases. Notably, a critical 

determinant contributing to sub-fertility in 

buffalo and cattle production stems from the 

utilization of inferior semen quality in artificial 

insemination procedures (13). Sub-fertility 

manifestations may arise due to disruptions in 

semen production, encompassing diminished or 

complete loss of sperm motility due to 

cryopreservation insults (14). 

 

 

CRYOPRESERVATION 

 

Cryopreservation serves as a pivotal 

technique in artificial insemination, facilitating 

the global dissemination of elite genetic material 

(15). The success of artificial insemination is 

notably influenced by the efficacy of semen 

cryopreservation (16). It is defined as the 

preservation of biological materials, including 

animal cells, plants, and genetic materials such 

as semen at -196 ℃ in liquid nitrogen. This 

method reduces metabolic activity, preserving 

cellular organelles and maintaining 

physiological, biological, and morphological 

functionalities (17, 18). The merits of frozen 

semen include indefinite storage capability, on-

demand collection, and utilization flexibility 

(19). Among livestock, buffalo and cattle semen 

cryopreservation predominates the other species 

(20). This technology enables the long-term 

preservation of high-quality bull semen at 
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Figure 1. Cryopreservation steps and related 
stresses. 

cryogenic temperatures (21). However, 

cryopreservation introduces challenges (Figure 

1) such as osmotic stress elevation, pH 

fluctuations, potential ice crystal formation. 

These factors culminate in semen quality 

deterioration, lipid peroxidation, and alterations 

in the cholesterol-phospholipid ratio, leading to 

reactive oxygen species generation and 

oxidative stress in spermatozoa (22). Despite 

natural antioxidant defences in sperm 

membranes and seminal plasma, enzymatic 

deficiencies (such as glutathione peroxidase, 

glutathione reductase, superoxide dismutase and 

catalase) can exacerbate damage during 

cryopreservation (23). During this time, the 

sperm plasma membrane transitions, rendering 

it vulnerable to environmental factors, 

compromising sperm capacitation and fertility 

(24, 25). Furthermore, extracellular ice crystal 

formation prompts solute concentration 

increases, leading to cellular dehydration, 

membrane damage, and reduced sperm viability, 

motility, and fertility (26, 27). Optimal 

cryopreservation media composition is crucial 

for preserving post-thaw semen quality (28, 29, 

30). Ongoing research aims to develop cost-

effective, efficient extenders to enhance sperm 

fertility and mitigate cryopreservation-induced 

damage (31). Approximately 40-50% of sperm 

may not survive cryopreservation even with 

optimized protocols, highlighting the inferiority 

of post-thaw spermatozoa compared to fresh 

semen (32, 33, 34, 35). Adverse 

cryopreservation effects encompass increased 

reactive oxygen species production, DNA 

fragmentation, and membrane phospholipid 

structure disruptions, affecting sperm viability 

and function (31, 36). Given the critical 

importance of sperm structure elements like the 

plasma membrane, acrosome, mitochondria, and 

chromatin for fertility, extensive research 

endeavors aim to mitigate cryopreservation-

induced damages (37, 38). Strategies include 

offensive and defensive approaches, with semen 

extender supplementation emerging as a 

promising intervention (39, 40). 

 

 

CHALLENGES ENCOUNTERED IN THE 

CRYOPRESERVATION OF BUFFALO 

SPERMATOZOA 

 

Buffalo spermatozoa exhibit greater 

susceptibility to damage during 

cryopreservation than cattle spermatozoa, 

leading to diminished fertility rates following 

thawing. The cryopreservation and subsequent 

thawing processes adversely impact key cellular 

elements in buffalo spermatozoa, including the 

motility apparatus, plasma membrane, and 

acrosomal cap, accompanied by the leakage of 

intracellular enzymes (41). Despite the long-

standing practice of artificial insemination in 

buffaloes, the conception rate lags, standing at 

approximately 30%, a notable contrast to cattle. 

The diminished freezability of buffalo semen 

can be attributed to distinct lipid compositions 

in the plasma membrane compared to cattle, 

rendering it more susceptible to damage during 

cryopreservation (23). Specifically, the plasma 

membrane of buffalo spermatozoa exhibits 

elevated concentrations of polyunsaturated fatty 

acids, notably arachidonic and docosahexaenoic 

acids. This lipid composition increases 

susceptibility to peroxidative damage induced 

by reactive oxygen species (ROS), resulting in 

compromised sperm functionality when 

juxtaposed with cattle sperm (42, 43). 

 

 

REACTIVE OXYGEN SPECIES 

 

At normal concentrations they a play role 

in sperm physiology but at higher 

concentrations they act as sperm pathology as 

depicted in Figure 2. Cryopreservation 

processes can induce the generation of reactive 

oxygen species (ROS), leading to detrimental 

interactions with the sperm cell plasma 

membrane, subsequently affecting fertility (44). 
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Figure 2. Roles of reactive oxygen species (OS) in sperm pathology and physiology. 

The freeze/thaw cycle further amplifies ROS 

production, compromising sperm functionality 

and contributing to spermatozoa degradation 

(45). Elevated ROS levels, coupled with 

diminished spermatozoa defence mechanisms, 

can induce damage not only to the plasma 

membrane but also to DNA integrity, thereby 

impairing sperm fertility and embryonic 

development potential (44). Notably, reduced 

motility of cryopreserved sperm post-thawing 

can be attributed to altered plasma membrane 

stability, increased membrane ion permeability, 

and elevated ROS production (46, 47). This 

decline in motility primarily stems from 

decreased adenosine triphosphate (ATP) 

production (48). While bovine bull semen 

possesses innate defences against ROS, these 

defences become insufficient during the critical 

freeze-thaw stress phase (49). 

Cryopreservation and semen storage further 

modify sperm mitochondrial membrane 

integrity and resident electron transport chains, 

leading to excessive ROS production, including 

hydrogen peroxide (H2O2), nitric oxide (NO), 

and superoxide anion (O2- ). These alterations 

influence sperm capacitation and acrosome 

reactions (50, 51). Intriguingly, although ROS 

can be detrimental in excess, they also serve as 

essential mediators for normal sperm functions 

when present in controlled amounts (52, 53).  

Spermatozoa possess three distinct 

membrane types: plasma, mitochondrial, and 

acrosomal. Each is rich in polyunsaturated fatty 

acids, rendering them highly susceptible to 

oxidative stress, particularly during 

cryopreservation (54). Continual lipid 

peroxidation chain reactions occur 

autonomously, with each reaction generating 

new ROS, ultimately culminating in 

comprehensive plasma membrane damage to 

spermatozoa (55). 

 

 

OXIDATIVE STRESS 

 

The literature underscores that the sperm 

membrane predominantly serves as the primary 

target for reactive oxygen species (ROS), with 

lipids representing potential targets within this 

context (33). Oxidative stress can impact 

virtually all cellular components, including 

lipids, proteins, nucleic acids, and 

carbohydrates, making them susceptible to 

oxidative damage (56). Lipid peroxidation of 

the plasma membrane triggers an influx of 

calcium and bicarbonate ions, thereby 

influencing sperm-oocyte fusion dynamics (57). 

Prolonged lipid peroxidation can further 

compromise the structural integrity of lipid 

matrices by disrupting double bonds. 

Consequently, this instability leads to functional 

disturbances in cell membranes, culminating in 

reduced sperm membrane fluidity (58). 

Moreover, seminal plasma's inadequate 

antioxidant levels can precipitate oxidative 

stress (OS), posing detrimental effects on 
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Figure 3. Redox-dependent protein modifications. 

spermatozoa (59). 

 

 

PROTEIN ALTERATIONS IN 

SPERMATOZOA AS A RESULT OF 

REACTIVE OXYGEN SPECIES 

 

Significant redox-dependent protein 

alterations such as thiol oxidation (60), tyrosine 

nitration (61), and S glutathionylation (61) have 

been linked to sperm dysfunction and changes 

in the paternal genome thus resulting in 

infertility, as shown in Figure 3. 

S-glutathionylation modifies protein 

function, interactions, and localization in a 

variety of physiological processes and in  

pathological function. Protein S-

glutathionylation is a post-translational 

modification that happens both under normal 

and oxidative stress circumstances (61). 

Glutathione containing spermatozoa provide a 

protective mechanism against oxidative damage 

caused by H2O2. Protein S-glutathionylation 

only occurs when reduced glutathione (GSH) 

react with SH group and resulting in enzyme 

inactivation. Sulfenic, sulfinic, and sulfonic 

acids are formed when cysteine residues in 

proteins are oxidised. Protein sulfenic and 

sulfinic acids can be reduced or conjugated to 

GSH to generate S-glutathionylated proteins, 

either enzymatically or non-enzymatically, 

using glutathione S-transferases, glutaredoxins 

(Grx). Higher quantities of glutathionylated 

proteins were found in spermatozoa treated with 

H2O2 than in untreated controls (61). 

Glutathione peroxidases carry out GSH's 

antioxidant activities, reducing H2O2 and lipid 

hydroperoxides by oxidizing GSH to oxidized 

glutathione (GSSG) (62). ROS and modulators 

such as glutaredoxins and glutathione 

transferases can target cysteine thiols (-SH) of 

proteins in particular. Protein glutathionylation 

is thought to be a protective process against 

oxidative stress. Non-enzymatic and enzymatic 

reactions can both lead to glutathionylation. The 

availability of GSH/GSSG is required for non-

enzymatic glutathionylation. Glutathionylation 

in target proteins can be easily reversed by 

releasing GSH from cysteine residues (63). 

 

S-nitrosylation and tyrosine nitration 

The majority of nitrosative protein is 

formed by nitration and nitrosylation of the side 

chains of tyrosine, tryptophan, methionine, and 
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Figure 4. Effects of H2O2 on cellular biochemistry. 

 

cysteine. Excess or unregulated nitric oxide 

reacts with ROS, resulting in an increase in 

reactive nitrogen species (64). 3-nitrotyrosine in 

proteins is a byproduct of the reactions of nitric 

oxide-derived oxidants, which are commonly 

linked with oxidative stress (65). Nitrogen 

oxygen species cause tyrosine nitration, a 

protein alteration. High concentrations of 

various ROS cause an increase in tyrosine 

nitration in spermatozoa, as evidenced by the 

use of peroxides (H2O2 or tert-BHP) and DA 

NONOate (NO donor) to produce a dose-

dependent increase in S-glutathionylation and 

tyrosine nitration (66). 

 

 

SPERM DNA DAMAGE 

 

Hydrogen peroxide (H2O2) represents a 

reactive oxygen species (ROS) spontaneously 

generated within sperm. Aromatic amino acid 

oxidase (AAAO) and superoxide dismutase 

(SOD) reactions primarily contribute to H2O2 

production in bovine spermatozoa (Figure 4). 

The mitochondria's electron transport chain 

(ETC) and the nicotinamide adenine 

dinucleotide phosphate-oxidase (NADPH 

oxidase) pathway serve as pivotal sites for ROS 

generation. Given its inherent reactivity, H2O2 

can 

traverse cellular membranes with ease. Upon 

encountering Fe2+, H2O2 catalyzes the formation 

of the hydroxyl radical (OH•) via the Fenton 

reaction. This OH• radical can impair 

mitochondrial mRNA synthesis by targeting 

mitochondrial DNA (mtDNA), consequently 

disrupting the synthesis of essential 

mitochondrial proteins vital for ETC and ATP 

production. Moreover, H2O2 interaction with 

nuclear DNA can instigate single-strand breaks 

(SSBs) and induce base damage within sperm 

DNA. Consistent with this perspective, research 

findings suggest that elevated intracellular H2O2 

concentrations correlate with pronounced DNA 

damage in cryopreserved bovine sperm. 

Consequently, strategies aimed at curtailing 

H2O2 synthesis may enhance the DNA integrity 

of cryopreserved bovine sperm (115). 
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Table 1. Various semen additives used in the cryopreservation of buffalo semen. 

Semen additive Extender 
Effective 

concentration 
Breed Result Ref 

Butylated 
hydroxy toluene 

(BHT) 

Egg-yolk-
tris-glycerol 

(EYTG) 
0.5 mM BHT Murrah 

Increase in post-thaw motility, viability, HOST 
response, acrosome integrity 

(23)  
 

Cholesterol 
loaded 

cyclodextrins 

Tris egg yolk 
glucose 
extender 

5 mM 
Egyptian 

water 
buffalo 

Increased the functional competence of 
buffalo spermatozoa by increasing both post 
thaw motility and viability index and by 
decreasing the acrosomal defects 

(75)  

Coconut water 

Tris-citric 
acid 

extender 
 

20% coconut 
water 

(replaces 20% 
whole egg 

yolk) 

Buffalo 
bulls 

Increased progressive motility, live sperm, 
sperm abnormality, intact sperm acrosome 
and plasma membrane integrity 

(76)  

Cysteine HCl 
and ascorbic 

acid 

Tris-
fructose-egg 
yolk-glycerol 

extender 

1 mg/mL and 
0.2 mg/mL 

Mehsana 

Improvement in motility and viability of 
spermatozoa with lesser abnormality and 
reduced leakage of enzymes such as AST, 
LDH and AKP 

(77)  
 

Cysteine and 
taurine 

Tris citrate 
fructose egg 
yolk glycerol 

(TFYG) 
extender 

4 mg/mL 
taurine and  1 

mg/mL 
cysteine  

Surti  
Enhanced progressive sperm motility, 
viability, and membrane integrity with 
reduced sperm/acrosome abnormalities 

(78)  
 

Garlic extract 
(Allium sativum) 

Tris egg yolk 
based 

extender 
3, 6, and 9 % 

Buffalo 
bull 

Increased -glucosidase activity, lower MDA 
levels and increased SOD and GPx 
activities, protect sperm from the detrimental 
effects of ROS, enhance sperm quality and 
energy source during sperm storage 

(79)  

Lemon, onion 
and garlic 

extract (LOG) 

Tris egg yolk 
glycerol 
glucose 

30 and 50 
µl/mL LOG 

extract 

Buffalo 
bull 

Elevated antioxidant capacity and decrease 
in lipid peroxidation 

(80)  
 

Leptin and 
melatonin 

Tris- egg 
yolk 

extender 

20 ng/mL 
leptin and 10-3 
M melatonin 

Egyptian 
buffalo  

Increased motility, livability and normality of 
buffalo spermatozoa 

(81)  
 

L-proline (Lp) 
and fulvic acid 

(FA) 

Tris-egg 
yolk-based 

semen 
extender 

40 mM Lp  
and 1.7% FA 

Iranian 
water 
buffalo 

Improves sperm motility, viability, Plasma 
membrane functionality and has antioxidant 
properties against ROS and free radicals 

(82)  
 

Quercetin 

Tris citric 
acid 

extender 
 

150 and 200 
µM 

Nili Ravi 

Sperm progressive motility, plasma 
membrane integrity, supra vital plasma 
membrane integrity and acrosome integrity 
Sperm DNA integrity 

(83)  
 

Quercetin 
OptiXcell 
Extender 

10 µM 
Egyptian 
Buffalo 

Enhanced sperm motility, velocity, viability, 
membrane integrity 

(84)  
 

Sericin AndroMed® 
0.25–0.5% 

sericin 
Murrah 

Improved post thaw motility, membrane 
integrity and antioxidant status. improved 
frozen–thawed semen quality by preventing 
oxidative stress 

(24)  
 

Sodium alginate 
Tris egg yolk 

based 
extender 

0.4 mg/mL 
sodium 
alginate 

Murrah 

Protects sperm by: 
a) preventing generation of free radicals, 
b) scavenging the excess free radicals,  
c) chelating heavy metals, 
d) maintaining sperm plasma membrane 
fluidity, 
g) potentiating the antibacterial capacity of 
the semen extender 

(57)  
 

Taurine and 
trehalose 

Egg yolk tris 
citrate 

(EYTC) 
extender 

Taurine (50 
mM) and  

trehalose (100 
mM), 

Murrah 
Post-thaw motility, viability and membrane 
integrity, decreased cryo-capacitation and 
tyrosine phosphorylation 

(85)  
 

Trehalose 

Tris-
fructose-egg 

ylk-citrate 
extender 

100 mM Surti  

Improvement in post-thaw semen quality in 
terms of progressive sperm motility, sperm 
viability, HOST response and reduced sperm 
abnormalities 

(86)  
 

 

   



201 

SEMEN ADDITIVES 

 

Semen additives refer to supplementary 

agents incorporated into semen extenders with 

the objective of augmenting semen longevity. 

These additives predominantly exhibit 

antioxidative attributes, facilitating the 

scavenging and neutralization of free radicals, 

thereby shielding sperm cells from lipid 

peroxidative impairment. Beyond their 

antioxidative capabilities, certain additives 

enhance parameters such as sperm motility, 

stability, and overall fertility. Recent 

advancements in research have led to the 

development of novel additives aimed at 

safeguarding male gametes from detrimental 

effects associated with cryopreservation (67). 

The incorporation of semen additives extends 

the longevity of semen without inducing adverse 

effects, concurrently fortifying the integrity of 

spermatozoal membranes and inhibiting ice 

crystal formation. While seminal fluid 

inherently contains various antioxidant entities, 

including catalase, glutathione peroxidase, 

superoxide dismutase, and reduced glutathione, 

designed to counteract reactive oxygen species 

(ROS) under physiological conditions, the 

intrinsic antioxidant defences of spermatozoa 

remain relatively fragile. Consequently, germ 

cells exhibit increased vulnerability to oxidative 

stress (99). 

 

Antioxidants 

Tables 1 and 2 include a meticulous 

analysis and documentation of studies 

conducted to elucidate the properties and 

applications of antioxidants in sperm biology. 

This detailed examination encompasses a range 

of critical parameters, including specific 

experimental outcomes associated with each 

antioxidant, the precise concentrations at which 

they were administered, the durations or years 

over which they were utilized, and the specific 

types of extenders employed in conjunction with 

these antioxidants. Furthermore, this 

comprehensive data presentation is specifically 

tailored to provide insights and understanding 

related to their effectiveness and application 

nuances in both buffalo and cattle contexts. 

Antioxidants play a pivotal role in 

safeguarding spermatozoa against oxidative 

damage, which arises from an imbalance 

characterized by elevated levels of oxidizing 

agents within the spermatozoa (23). 

Strengthening semen diluents with appropriate 

antioxidant supplements becomes imperative to 

mitigate reactive oxygen species (ROS) induced 

damages during the freeze-thawing process of 

bull semen (68 Khan I et al., 2021). The seminal 

plasma inherently harbors an intricate 

antioxidant system, crucial for shielding sperm 

from detrimental effects attributable to ROS 

(69). Nevertheless, the endogenous antioxidant 

capacity intrinsic to spermatozoa remains 

insufficiently robust compared to somatic cells, 

rendering them susceptible to oxidative stress 

(70). A plethora of investigations have been 

conducted concerning the incorporation of 

diverse antioxidants into extenders to safeguard 

spermatozoa against ROS-induced impairments. 

The integration of exogenous antioxidants into 

extenders has been substantiated as beneficial in 

preserving sperm quality (71, 72). The limited 

endogenous antioxidant reserves in spermatozoa 

fall short of providing adequate protection 

against the elevated ROS production ensuing 

from cryopreservation procedures (73 Mazzilli 

et al., 1995).  

Antioxidants previously evaluated 

primarily exerted their effects through direct or 

indirect scavenging of free radicals (74). 

Moreover, beyond free radical scavenging, there 

exists a requisite for additives possessing metal-

reducing properties, given that metals act as 

catalysts in oxidative reactions. Redox-active 

metals such as iron, copper, and chromium 

engage in redox cycling, while redox-inactive 

metals, such as lead, cadmium, and mercury, 

deplete primary antioxidants and enzymes 

within cells (87). Notably, hen egg yolk serves 

as a principal component in extenders for 

bovine semen, potentially introducing both 

redox-active and redox-inactive metals that may 

augment ROS production. Consequently, the 

chelation of undesirable metals within semen 

extenders emerges as a critical imperative (57). 

Contrastingly, plant-derived extracts offer 

natural antioxidants characterized by diminished 

cytotoxicity relative to synthetic counterparts 

(88). 
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Table 2. Various semen additives used in the cryopreservation of cattle semen. 

Semen additive Extender 
Effective 

concentration 
Breed Result Ref 

N-acetyl-L-
cysteine 

Tris-citric acid-
egg yolk 
extender 

1.0 mM 
Local 

Friesan 

Increased post-thaw motility, viability and 
maintains acrosomal integrity of 

cryopreserved local Friesian bull’s 
spermatozoa 

(107)  
 

N-acetyl 
cysteine 

Tris-yolk 
fructose (TYF) 

extender 
 

2 and 4 mM 
NAC 

Holstein 
Increased post-thaw motility, viability, 

plasma membrane integrity and acrosome 
integrity 

(108)  
 

Ascorbic acid 

Tris-egg-yolk-
citric-acid-
fructose-
glycerol 

(TEYCAFG) 
extender 

5 mM 
Cross-

bred cattle 
bull 

Increased live spermatozoa, acrosomal 
integrity and HOST-positive spermatozoa, 

(109)  
 

Butylated 
hydroxytoluene 

(BHT) 

Lecithin based 
Bioxcell® (BX) 
and Egg yolk 

tris citrate 
(EYTC) 

0.5 mM/mL BX 
and 1–1.5 

mM/mL BHT 
for EYTC 

Crossbred 
bulls 

decreases MDA concentrations, 
improvement of frozen–thawed bull sperm 
quality and protects against DNA damage 

by reducing oxidative stress, 
increased post-thaw motility, acrosome 

integrity, DNA integrity 

(89)  
 

Chloroquine 
diphosphate 
and ascorbic 

acid 

Tris-based  
extender 

Chloroquine  
diphosphate  
and  ascorbic  
acid  were  10-

5 M and 0.02% 

Jersey 

Protection for acrosome during post-thaw 
incubation and  significant improvement in 

progressive motility,  live  sperm  
percentage,  reaction  to  hypo-osmotic  

solution  and  acrosomal  integrity 

(110)  
 
 

Curcumin 
Tris-egg yolk-
based semen 

extender 
25 µM Kankrej 

Reduction in lipid peroxidation, SOD 
activity and enzyme activity 

(99)  

L-cysteine and 
vitamin E 

Egg- Yolk-Tris-
Glycerol 
(EYTG) 

 

7.5 mmol L-
cysteine and 

4.8 mmol  
vitamin E 

Crossbred 
groups 

(Sahiwal × 
Holstein-
Friesian) 

and (Achai 
× Jersey 

Increase in post-thaw motility, membrane 
functionality, acrosomal integrity,viability 

percentage, DNA integrity and 
mitochondrial membrane potential 

(68)  
 

Genistein 
Skim milk – 
soy lecithin 
extender 

1 mmol and 2 
mmol 

Ongole  
Higher motility, viability, and membrane 

integrity and acrosome integrity 
(111)  

Green tea 
extract 

Tris-based 
egg yolk 
extender 

0.15 mg into 
100 mL tris-
based egg 

yolk extender 

Bali bulls 
(Bos 

sondaicus) 

Improved post-thaw motility, viability, 
plasma membrane integrity of Bali bull 

sperm 
(40)  

Honey (Apis 
mellifera) 

Bioxcell 
Extender 

1% 
concentration 

of honey 
Jersey 

Increased progressive motility, and 
liveability of sperm 

(98)  
 

 

Various semen additives 

Butylated hydroxy toluene (BHT) serves as 

a lipid-soluble antioxidant and is a synthetic 

derivative analogous to Vitamin A. When 

administered at optimal concentrations, it 

enhances sperm cell motility and viability in 

specific breeds like the Holstein and Sahiwal. 

Due to its lipid-soluble nature, BHT operates as 

an antioxidant both intracellularly and 

extracellularly, facilitating its integration into 

the sperm membrane. This incorporation 

augments membrane fluidity, mitigating 

intracellular ice-crystal nucleation and thereby 

safeguarding sperm integrity. Additionally, 

BHT exhibits scavenging properties against 

reactive oxygen species (ROS) in the sperm's 

vicinity, converting them into less detrimental 

hydroperoxides, consequently attenuating ROS-

induced damage during cryopreservation 

processes (89).  

Cysteine serves as a notable agent 

recognized for its role as an intracellular 

antioxidant, shielding cells from oxidative 

stress-induced damage as documented by 

Meister and Anderssson (90). Incorporating 

cysteine into the semen diluent has 
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Table 2 continued. Various semen additives used in the cryopreservation of cattle semen. 

Semen additive Extender 
Effective 

concentration 
Breed Result Ref 

Iodixanol Tris egg yolk 2.5% 
Bos indicus 
[Thai native 

bull] 

Improved frozen semen quality and 
progressive motility 

(112)  
 

Low-density 
lipoprotein 

(LDL) 

AndroMed® 
extender 

8% LDL 
supplementati

on 
Holstein 

Higher proportions of plasma membrane-
intact sperm, acrosome-intact sperm, and 
spermatozoa showing high mitochondrial 

potential 

(113)  
 

Lycopene 
Tris egg yolk 

citrate 
extender 

1.5 mmol/L 
Simmental 

Improves structural stability, activity,and 
oxidative profile of bovine gametes and 
improves semen handling and storage 

protocols in cattle breeding 

(100)  
 

Pomegranate 
juice 

Tris-citric 
acid-egg 

yolk-fructose 
extender 

10% 
Cattle bull 

 
Improved post-thaw sperm motility, 

membrane integrity and viability and 
decreased total sperm abnormalities of 

cattle cryopreserved semen. 

(102)  
 

Quercetin 

Tris citrate 
fructose egg 
yolk glycerol 

(TFYG) 
extender 

82.7 µmol / L 
(25 µg / mL) 

Holstein Positive effects on DNA integrity. 
(114)  

 

Sodium 
pyruvate 

Triladyl 
extender 

5 mM 
Simmental 

Improved motility, plasma membrane and 
acrosome integrity, mitochondrial 

membrane potential and DNA integrity of 
cryopreserved bovine sperm 

(115)  
 

Taurine 
Andromed 
extender 

50 mM 
Gir 

Increased glutathione reductase levels and 
decreased lipid peroxidation 

(116)  

Taurine and 
trehalose 

Tris–egg 
yolk citrate 

(EYTC) 
extender 

50 mM taurine 
or 100 mM 
trehalose 

Crossbreed 
cattle “Karan 

Fries” 
(Holstein 
Friesian × 

Tharparkar) 

Improvement in the fertilizing capacity of 
cryopreserved Karan Fries spermatozoa 

(25)  

Taurine and 
trehalose 

Egg yolk tris 
citrate 

(EYTC) 
extender 

Taurine (50 
mM) and  

trehalose (100 
mM), 

 Karan Fries 

Post-thaw motility, viability and membrane 
integrity, decreased cryo-capacitation and 
tyrosine phosphorylation in both buffalo 

and cattle bulls 

(85)  
 

Vitamin C with 
catalase 

and vitamin C 
with reduced 
glutathione 

Tris fructose 
egg yolk 
glycerol 
extender 

2.5 mM 
vitamin C ,  
100 IU/mL 
catalsae, 2 

mM reduced 
glutathione  

Holstein 
Increased post-thaw motility, Viability, 

Plasma membrane integrity, Acrosome 
integrity 

(117)  
 

 

demonstrated efficacy in enhancing both freeze-

thawed motility and viability across various 

species, including boar in 2010 (91), buck in the 

same year (92) and bull semen in 2009 (93). 

Serving as a precursor to intracellular 

glutathione, cysteine has demonstrated the 

ability to readily traverse cellular membranes, 

thereby augmenting intracellular GSH 

biosynthesis both in vivo and in vitro. This 

facilitates the protection of membrane lipids and 

proteins owing to its inherent indirect radical 

scavenging properties. Moreover, Memon et al. 

in 2011 highlighted cysteine's cryoprotective 

attributes, specifically enhancing the functional 

integrity of acrosome and mitochondria, thereby 

elevating post-thawed sperm motility across 

multiple species (94). L-cysteine is 

characterized by its pivotal thiol group, 

functioning as a non-enzymatic antioxidant, 

with a notable capability to permeate sperm 

cells, as elucidated by Khan et al. in 2021 (68).  

Trehalose, a non-permeating disaccharide, 

functions as a hypertonic medium, facilitating 

cellular osmotic dehydration prior to freezing 

and thereby reducing cellular injury caused by 

crystallization as elucidated by  Bucak et al. in 

2007 (95). Moreover, Kumar et al. in 2023 

highlighted its role as an enzymatic scavenger 

(86). Through its osmotic properties, trehalose 

exerts protective effects against oxidative 
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damage, playing a pivotal role in safeguarding 

spermatozoa from ROS detriment.  

Honey, derived from Apis mellifera bee, is 

abundant in phenolic compounds, exhibiting a 

robust correlation with antioxidant activity (96). 

In 2004, Fuller (97) detailed the composition of 

honey, highlighting its high content of 

carbohydrates, proteins, amino acids, vitamins, 

minerals, and antioxidants, effectively thwarting 

free radical activities. Moreover, honey's rich 

glucose and fructose content aids in maintaining 

diluent osmotic pressure, inducing cellular 

dehydration, and mitigating ice crystal 

formation in and around spermatozoa. This 

attributes honey as a valuable additive in frozen 

semen (29, 98).  

Curcumin, chemically known as 1, 7-bis 

(4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-

3, 5-dione (CUR), is a bioactive constituent 

extracted from the tropical rhizome of the 

Zingiberaceae family, specifically turmeric (99). 

Studies have demonstrated that curcumin 

mitigates the adverse effects of cryopreservation 

on both spermatozoa and stem cells, as 

evidenced by research conducted by Tvrda et al. 

(100) and Navjot et al. (101).  

Pomegranate juice is recognized for its 

potent antioxidant properties, both in vivo and 

in vitro. This juice is notably rich in vitamin C 

and various polyphenolic compounds such as 

anthocyanins, punicalagin, ellagic acid, and 

gallic acid, as highlighted by Sheshtawy et al. 

(102). Additionally in 2002,  Halvorsen et al. 

emphasized the elevated antioxidant 

concentrations present in pomegranate fruit, 

quantified at 11.33 mmol/100 g (103).  

Lemon, onion, and garlic extracts, which 

exhibit significant antioxidant capacities, have 

been effectively utilized to diminish 

intracellular ROS levels. These extracts provide 

protection against oxidative damage to cellular 

components including lipids, DNA, and 

mitochondrial structures, as supported by 

studies from Giampieri et al. (104) and  Brito et 

al. (105).  

Green Tea Extract (GTE) is replete with 

polyphenols, notably catechins, renowned for 

their antioxidant capabilities. Particularly, it is 

abundant in (-)-epigallocatechin-3-gallate 

(EGCG), which either directly inhibits the 

generation of reactive oxygen species (ROS) or 

indirectly bolsters the endogenous defence 

mechanisms, as elucidated by Park and Yu 

(106). Furthermore, GTE supplementation is 

beneficial due to its provision of essential 

vitamins including A, B1, B3, B5, C, E, and K. 

Notably, vitamins C and K function as 

antioxidants, counteracting free radicals and 

safeguarding cellular membrane integrity 

against lipid peroxidation, as delineated by 

Khan H et al. (118) Park and Yu (119).  

Coconut water, recognized as a non-

pathological fluid devoid of contaminants and 

toxins, possesses a myriad of health benefits 

including antiviral, antibacterial, antifungal, 

antiparasitic, and antioxidant properties. Its 

beneficial impact on semen quality can be 

attributed to its rich composition of free sugars, 

antioxidants, and essential minerals. 

Consequently, coconut water has found 

successful application in the context of bovine 

embryo freezing and culture, as corroborated by 

Soltan et al. (76). 

Lycopene, a natural carotenoid abundant in 

certain fruits, has garnered attention for its 

antioxidative properties. Research elucidated by 

Tvrda et al. underscores lycopene's potential in 

augmenting sperm motility, viability, 

morphology, and testicular oxidative 

equilibrium post-exposure to medications (120). 

Genistein, a phytoestrogen present in 

soybean plants, exhibits multifaceted 

functionalities including inhibition, 

angiogenesis, fat peroxidation, antioxidant, and 

anti-cancer activities. In 2010, Martinez-soto et 

al. highlighted its antioxidant and anti-

inflammatory attributes, demonstrating its 

capacity to modify hemodialysis membranes 

and significantly reduce ROS (121). 

Consequently, genistein exerts a direct impact 

on the functionality of mature sperm cells, 

potentially bolstering the overall reproductive 

process (111).  

Sodium alginates, derived from brown 

seaweed, are inherently anionic polysaccharides 

characterized by their biocompatibility, non-

immunogenicity, and non-toxic nature. 

Numerous studies have substantiated their 

richness in antioxidant compounds, capabilities 

as transition metal chelators, and their inherent 

antibacterial, antiviral, and antifungal 

properties. Kumar et al. conducted an evaluation 

of sodium alginate's potential for sperm 

encapsulation, concluding that this natural 

polymer exhibits non-toxic properties towards 

sperm cells (57).  

Sericin, derived from the silkworm Bombyx 

mori, is a water-soluble globular protein 

characterized by a composition rich in amino 

acids such as aspartic acid and serine. Notably, 
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sericin exhibits pronounced protective effects 

against lipid peroxidation, mitigating cellular 

demise and safeguarding against various 

stressors, as evidenced by  Kumar et al. (24). 

Fulvic acids, derived from peat, are organic 

compounds revered for their antioxidative 

properties and solubility in diverse solutions. 

These compounds have been associated with 

improved semen quality under heat stress 

conditions and cryoprotective effects on goat 

buck semen, as evidenced by  Ramazani et al. 

(82) and Xiao et al. (122).  

Ascorbic acid, commonly known as 

Vitamin C, is an intrinsic antioxidant present 

within the epididymal fluid and seminal plasma 

across various species. Its primary role involves 

safeguarding sperm from ROS (110).  

Specifically, Vitamin C diminishes oxygen 

radicals, neutralizes existing ROS, rejuvenates 

additional antioxidant systems, and upholds the 

genetic stability of sperm cells by thwarting 

oxidative harm to sperm DNA, as outlined by 

Singh et al. (109). Furthermore, the 

incorporation of Vitamin C into an extender can 

enhance sperm functionality by mitigating 

cellular damage through its persistent radical-

neutralizing capabilities, as highlighted by  

Anane and Creppy et al. in 2001 (123).  

Vitamin E emerges as a paramount 

component within the antioxidant defence 

mechanism of spermatozoa, predominantly 

shielding the cellular membrane against ROS-

induced lipid peroxidation (LPO), as 

substantiated by  Yousef et al. (124). 

Glutathione, a naturally occurring 

tripeptide within semen, serves as a pivotal 

intracellular defence mechanism against 

oxidative stress elicited during semen 

cryopreservation and the subsequent freeze-

thaw processes. Notably, post-cryopreservation 

analyses revealed diminished glutathione 

concentrations in bull semen. Augmenting the 

Tris extender with glutathione markedly 

enhanced various sperm attributes including 

motility, viability, membrane integrity, 

acrosome preservation, while concurrently 

diminishing malondialdehyde (MDA) levels, as 

elucidated by  Eidan (117).  

Catalase, an enzymatic antioxidant 

ubiquitous in sperm and seminal plasma, plays a 

pivotal role in mitigating ROS-induced damage. 

Eidan elucidated the benefits of catalase 

supplementation in enhancing sperm viability 

and reducing malondialdehyde concentrations 

(117). 

Sodium pyruvate functions as a potent 

scavenger for hydrogen peroxide (H2O2), 

enzymatically decarboxylating it into acetic 

acid, carbon dioxide, and water, devoid of any 

oxygen liberation. Distinguished from 

alternative antioxidants, pyruvate culminates as 

the terminal product within glycolysis during 

cellular metabolism, subsequently converting 

into acetyl-CoA, which fuels the Krebs cycle to 

generate ATP via oxidative phosphorylation. 

Given that superoxide anions (O₂-) are the 

predominant ROS within spermatozoa, their 

intricate interactions, including self-dismutation, 

culminate in H2O2 generation. Consequently, 

even minor variations in oxygen levels could 

significantly influence ROS production and 

subsequent sperm cell viability. In this context, 

sodium pyruvate emerges as a preferred 

antioxidant due to its multifaceted benefits 

encompassing intracellular energy metabolism 

augmentation, post-thaw sperm quality 

enhancement, and its capacity to neutralize 

H2O2 without inducing oxygen release. Existing 

literature underscores the ability of exogenous 

pyruvate to amplify mitochondrial activity and 

post-thaw sperm motility, as affirmed by  

Korkmaz et al. (115).  

Cholesterol-loaded cyclodextrins (CLC) 

supplementation to semen extenders has been 

associated with enhanced quality of 

cryopreserved spermatozoa. This improvement 

is attributed to the stabilization of spermatozoan 

plasma and mitochondrial membranes, coupled 

with a notable reduction in DNA damage, as 

indicated by  Abouelezza et al. (75).  

Low-density lipoproteins (LDLs) derived 

from egg yolk represent a crucial component, 

renowned for its cryoprotective capabilities as 

outlined in 2016 by  Simonik et al. (125). These 

LDLs have been observed to positively 

influence spermatozoa structure and 

extracellular conditions, as shown by  Hu et al. 

(126). However, the utilization of whole egg 

yolk presents challenges such as inconsistent 

microscopic evaluations, potential inter-species 

protein interactions, standardization issues, and 

susceptibility to microbial contamination. 

Consequently, non-animal-derived alternatives, 

including soybean lecithin or liposomes, have 

gained prominence. Incorporating the LDL 

fraction into a soybean lecithin-based extender 

may offer an effective strategy to enhance the 

quality of bull insemination doses, with 

synergistic cryoprotective benefits established in 
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prior studies by  Beran et al. (127) and Stadnik 

et al. (128).  

Leptin, primarily recognized for its role in 

energy homeostasis, has emerged as a 

modulator of sperm metabolism and motility. 

Studies by  Jorsaraei et al. in 2008 (129) and  

Khaki et al. in 2013 (130) elucidate leptin's 

significance in preserving sperm viability and 

motility, particularly in buffalo semen subjected 

to cooling.  

Melatonin, an endogenous compound, 

exhibits potent antioxidant properties attributed 

to its efficacy in scavenging diverse reactive 

oxygen and nitrogen species. Khalek et al. 

substantiated melatonin's protective role against 

oxidative stress, emphasizing its relevance in 

mitigating cellular damage (81).  

Iodixanol's protective mechanisms 

encompass the preservation of sperm membrane 

integrity and motility during freezing and 

thawing processes. This preservation is achieved 

through modulations in the glass transition 

temperature and alterations in ice crystal 

formation, facilitating water removal at lower 

temperatures, as highlighted by Chuawongboon 

et al. (112).  

L-proline, an essential amino acid, 

possesses multifaceted functions encompassing 

osmoprotection, stabilization of cellular 

structures, and redox balance maintenance. 

Ramazani et al. highlight L-proline's antioxidant 

and osmoprotective attributes, particularly 

against freezing-induced detrimental effects 

across various species (82). 

Quercetin, a natural flavonoid abundant in 

various foods such as berries, citrus fruits, tea, 

red wine, cocoa, and red onions, possesses 

significant antioxidant properties. Its 

polyphenolic structure enables it to act as a 

potent scavenger of free radicals, thereby 

inhibiting oxidation processes, as elucidated by  

El-Khawagah et al. in 2020 (84). Further 

research underscores quercetin's efficacy in 

enhancing sperm viability by mitigating 

oxidative stress and ROS damage post-thawing 

(83, 114, 131). Moreover, in synergy with 

alpha-tocopherol, quercetin curtails lipid 

peroxidation and upregulates the expression of 

critical enzymes like glutathione s-transferase 

and glucuronosyl transferase, as highlighted by  

Omur and Uluyol (132).  

Taurine, an amino sulfonic acid prevalent 

in animal tissues, was first isolated from ox bile 

in 1827, followed by human bile in 1846, as 

documented by  Marcinkiewicz and Kontny 

(133). This multifaceted compound serves 

diverse biological functions encompassing bile 

acid conjugation, antioxidative properties, 

osmoregulation, membrane stabilization, and 

signaling modulation, as delineated by 

Bouckenooghe et al. (134). Originating from 

cysteine, taurine is naturally present in fish, 

meat, and breast milk. Its role as an antioxidant 

entails neutralizing physiological hypochlorite 

and hypobromite toxicity, inhibiting lipid 

peroxidation, and safeguarding cells against 

ROS accumulation (135). Additionally, taurine's 

efficacy as a non-permeating sperm 

cryoprotectant has been demonstrated to 

mitigate cellular damage during 

cryopreservation (136).  

N-acetyl-L-cysteine (NAC) emerges as a 

pivotal antioxidant with detoxifying attributes. 

Its antioxidative mechanisms operate at both 

intracellular and extracellular levels. 

Intracellularly, NAC serves as a precursor for 

glutathione (GSH) synthesis, facilitating cellular 

penetration and subsequent deacetylation to 

form L-cysteine (116), thereby bolstering GSH 

biosynthesis (137). Extracellularly, NAC 

directly combats oxidant radicals as a 

nucleophile and augments glutathione-S-

transferase activity (77, 107). The robust 

antioxidant capabilities of NAC are instrumental 

in shielding sperm cells from formidable 

oxidative stress conditions, thereby mitigating 

potential oxidative damage, as highlighted by 

Perez et al. in 2015 (138). 

 

 

CONCLUSION 

 

In summary, our comprehensive review 

delineates the efficacy of diverse semen 

additives in mitigating oxidative stress and 

associated detriments during cryopreservation 

processes. Contemporary investigations have 

rigorously assessed these additives, either in 

isolation or combination, with a predominant 

focus on augmenting the post-thaw quality of 

buffalo and cattle semen. Notably, these 

additives exhibit antioxidative attributes that 

facilitate the scavenging and neutralization of 

free radicals, thereby enhancing seminal post-

thaw characteristics. Nevertheless, further 

studies employing advanced methodologies 

such as Computer-Assisted Semen Analysis 

(CASA) and flow cytometry are imperative to 

elucidate the intricate molecular mechanisms 

and functional roles of these seminal additives 
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in optimizing the quality of frozen-thawed 

semen. 
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